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HEAT AND FREE ENERGY OF FORMATION OF 
DEUTERIUM OXIDE* 


By Frederick D. Rossini, John W. Knowlton, and Herrick L. Johnston! 


ABSTRACT 


Calorimetric measurements of the ratio of the heat evolved in the formation of 
1 mole of liquid deuterium oxide, from gaseous deuterium and ordinary oxygen, 
to the heat evolved in the formation of 1 mole of ordinary liquid water, from 
gaseous ordinary hydrogen and oxygen, yielded the value 1.030 68 +0.000 29 
for 25° C and a constant pressure of 1 atmosphere. 

Calorimetric measurements of the ratio of the heat of vaporization of 1 mole 
of deuterium oxide to that of 1 mole of ordinary water yielded the value 
1.031 45 +0.000 75 for 25° C and zero pressure. 

Combination of these with other data yielded the following thermodynamic 
values: 


D,(g) +1/2 O2(g) = D:O(liq), AH°ss.10= —294,563 +94 int. j/mole (—70,414.0 
siraed — AF° o0¢.10== — 243,470 +100 int. j/mole (—58,200.5 +23.9 
cal/mole) ; 

D,O(liq) = D:O(g), OH°20s.10=45,391 +36 int. j/mole (10,850.5 +8.6 cal/mole), 
AF°18.16=8,949 +9 int. Ae (2,189.2 +2.2 cal/mole) ; 

Di(g) +1/2 O2(g)=D,0(g), AH°ss.1s= —249,172 +100 int. j/mole (—59,563.5 
+23.9 cal/mole), AF°as.10= —234,521 +100 int. j/mole (—56,061.2 +23.9 
cal/mole), AH°»= — 246,231 +100 int. j/mole (—58,860.5 + 23.9 cal/mole) ; 

D,(g) + H}O (liq) = H}(g) + D,O(liq), AH°298.18= —8,770 + 83 int. j/mole (— 2,096.4 
+19.8 cal/mole), AF°as.10== —6,316 +96 int. j/mole (—1,509.8 +22.9 cal/mole) ; 

D:(g) + H}O(g) = H3(g) + D:0(g), AH°20s.165= —7,386 +90 int. j/mole (— 1,765.6 
+21.5 cal/mole), AF° 25.16 —5,966 +90 int. j/mole (—1,426.1 +21.5 cal/mole), 
4H°»= —7,337 +90 int. j/mole (—1,753.9 +21.5 cal/mole) ; 

i S° 22.10 76.099 +0.130 int. j/degree mole (18.191 +0.031 cal/degree 
mole). 


On the assumption that the bond energies in H} and D, are the same, and like- 
wise in H}O and D,O, the difference in the zero-point energies of H}O(g) and 
D,0(g) was calculated to be 14,841 +91 int. j/mole (3,548 +22 cal/mole, or 
1,243.0 +7.6 wave numbers). The accord of this value with that recently cal- 
culated by Darling and Dennison from the vibrational-rotational spectra of deu- 
terlum oxide and protium oxide, 1,245.5 +2.0 wave numbers, indicates that, 
within the assigned limits of uncertainty, the respective bond energies are inde- 
pendent of the mass of the nucleus of the atom. 


_ * Paper presented before the Division of Physical and Inorganic Chemistry of the American Chemica] 
Society at Cincinnati, Ohio, April 9-11, 1939. 
' Professor of Chemistry, The Ohio State University, Columbus, Ohio. 
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I. INTRODUCTION 


It has been generally established, both experimentally and theo- 
retically, that the various isotopes of a given chemical element differ 
in those properties which are functions of the mass of the nucleus, 
but not in those properties which are functions of the distribution of 
electrons about the nucleus. The greatest difference in the proper- 
ties of any two isotopes is exhibited by the isotopes of hydrogen, 
because of the relatively large difference in mass between protium 
and deuterium. This re atively great difference in properties has made 
possible the preparation of substantially pure deuterium in large 
amount. Since ordinary hydrogen, oxygen, and water are substances 
whose properties are well known, it appeared desirable to make a 
calorimetric comparison of the heats of Flicnaties of ordinary liquid 
water and of liquid deuterium oxide from their respective elements, 
and of their heats of vaporization, and by appropriate thermodynamic 
calculations to ascertain whether the theoretical expectations and the 
experimental observations agree within the limits of accuracy of 
present-day measurements. 

This paper reports the calorimetric determination of the ratio of 
the heats of formation of ordinary liquid water and liquid deuterium 
oxide, and of their heats of vaporization, and presents the results of 
thermodynamic calculations giving the heat and free energy of forms- 
tion of deuterium oxide in the liquid and gaseous states, the heat and 
free energy of the reaction D,+HjJO=H+D,0, and the difference 
the zero-point energies of H}O and D,O. 


II. UNITS, MOLECULAR WEIGHTS, ETC. 


The unit of energy in this work is the international joule (int. }) 
based upon standards of electromotive force and resistance maintained 
at this Bureau. Conversion to the artificial or defined calorie was 
made with the relation 1 cal=4.1833 int. j. The absolute tempert 
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ture of the ice point was taken as 0° C= 273.16+0.02° K. The 
value of the gas constant per mole, #, was taken ? as 8.3145 +0.0006 
absolute j/degree, or 8.3128 + 0.0008 int. j/degree, or 1.987 14 +0.000 19 
cal/degree. 

On the chemical scale, the molecular weights were taken as follows: ° 
11,0, 18.0162; H3O, 18.0158; H'DO, 19.0221; D,-O, 20.0284 [1, 2, 3, 4].! 

The uncertainties assigned to the various quantities dealt with in 
this paper were derived, where possible, by a method previously 
described [5]. In other cases, reasonable estimates of the uncertain- 
ties were made. 


III. RATIO OF THE HEATS OF FORMATION OF DEUTE- 
RIUM OXIDE AND ORDINARY WATER, IN THE LIQUID 
STATE AT 25° C 


1. METHOD AND APPARATUS 


The calorimetric method used was the same as in the investigation 
on the heat of formation of ordinary water [6]. The reaction vessel, 
calorimeter, and other apparatus were also the same, except for the 
control of the temperature of the jacket of the calorimeter [7], the 
heating coil in the calorimeter [8], and the resistance thermometer and 
bridge [9], which had been replaced in later investigations. 


2. CHEMICAL PROCEDURE 


The oxygen and hydrogen, commercially prepared, were purified by 
passage through copper oxide and copper, respectively, each at about 


600° C, Ascarite (a mixture of sodium hydroxide and asbestos), anhy- 
drous magnesium perchlorate, and phosphorus pentoxide, in the order 
given. 

The deuterium oxide used for preparing the gaseous deuterium for 
the experiments on the heat of formation has already been described 
(10}. The ratio of the density of the deuterium oxide to that of 
ordinary water at 27° C was 1.10771, and the purity was calculated 
to be 1.0000 +0.0003 mole fraction. The deuterium was prepared by 
passing the gaseous deuterium oxide through powdered magnesium 
at 480° C.6 The purity of the deuterium as it was finally obtained 
under pressure in a 1-liter brass bottle was determined from measure- 
ments of vapor pressures kindly made for the authors by F. G. Brick- 
wedde and R. B. Scott, of the Cryogenic Laboratory of this Bureau. 
Ata temperature of 20.333° K, the vapor pressures of normal hydrogen 
and of the prepared deuterium, each in the liquid state, were found 
to be 747.34 and 253.31 mm Hg, respectively. For this same tempera- 
ture, the data of Brickwedde, Scott, and Taylor [12] and of Brick- 
wedde and Scott [13] yield 250.68 and 429.68 mm Hg, respectively, for 
the no pressures of liquid normal D, and liquid H'D. Assuming 
from the method of preparation that the impurity in the deuterium 
was in equilibrium ® with respect to the reaction H}(g)+ D,(g)=2 
Ay * “ogg of these values of the constants will be discussed in a later report by one of the authors 
+The chemical symbols have the following significance: H, naturally existing or normal hydrogen (con- 
Sisting of 0.9998 H! and 0.0002 D); H', protium; D, deuterium, H?; O, naturally existing or normal oxygen. 
, Figures in brackets indicate the literature references at the end of this paper. 

Hane {11] for a detailed description of the method and apparatus. , 
ption most contrary to this, namely, that the impurity is present entirely as molecules of H} 


appears to be extremely unlikely. Ifthe calculations were carried through on this basis, the resulting value 
ay heat of formation of deuterium oxide would differ from that actually calculated by about 1 part in 
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H'D(g) and that the value of the observed difference in vapor presgyr. 
between pure liquid D, and that used in this investigation was uncer. 
tain by 0.50 mm (or about 20 percent of itself), the impurity in the 
deuter1um used was calculated to be 0.0147 +0.0028 mole fraction 
of H'D and 0.00006 +0.000 01 mole fraction of H3. 

The amount of reaction in the calorimetric experiments was deter. 
mined from the mass of water formed in the reaction, in the manner 
previously described,’ with the absorption tubes always filled with 
hydrogen at the times of weighing. 


3. CALORIMETRIC PROCEDURE 


The aim of the experimental part of this investigation was to deter. 
mine as accurately as possible the ratio of the heats of formation of 
ordinary water and deuterium oxide, whence the value for the latter 
could be calculated from the value previously determined for ordinary 
water [6, 14, 15]. In principle, this was accomplished by determining 
the ratio of the masses of ordinary water and deuterium oxide whose 
formation produced identical rises of temperature in the same calor}. 
meter system. 

The method of reducing the actual experimental observations to 
this end was as follows: Let 

AR,=the corrected rise of temperature of the calorimeter 
system, expressed as the increase in resistance in ohms 
of the given platinum resistance thermometer at a mean 
temperature of 25° C, as measured on the given re 
sistance bridge; 

W=the mass of water in the given calorimeter system; 

W,=the mass of water in the ‘‘standard”’ calorimeter system 
(W will usually differ from W, by not more than 
+10 g or +1/360 of itself); 

E,=the energy equivalent, over a “standard’’ interval of 
temperature, of the “standard” calorimeter system, ex- 
pressed as international joules per ohm increase in 
resistance of the given platinum resistance thermom- 
eter at a mean temperature of 25° C, as measured on 
the given resistance bridge; 

E=the energy equivalent of the given calorimeter system 
containing W grams of water; 

w=the mass of ordinary water formed as liquid in the reac- 
tion vessel; 

w’=the mass of deuterium oxide formed as liquid in the 
reaction vessel ; , 

Qvap=the heat of vaporization or that amount of water (ordi 
nary or heavy) formed in the reaction but not remaining 
as liquid in the reaction vessel (this term corrects to 
the liquid state all the water formed in the reaction): 

Ygas=the energy taken from the calorimeter by the inflowing 


gases; it, 
Qign=the energy added to the calorimeter by the ignition 
operation; 


? See p. 6 to 9 of reference [6]. 
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C,=the heat capacity of 1 g of ordinary water, expressed as 
joules per ohm increase in resistance of the given 
platinum resistance thermometer; 

c’,=the heat capacity of 1 g of deuterium oxide, expressed as 
joules per ohm increase in resistance of the given plat- 
inum resistance thermometer; 

Ma,=the mass of water formed in the reaction with ordinary 
hydrogen ; 

Mp,~= the mass of deuterium oxide formed in the reaction with 
deuterium; 

(qf)9=the heat evolved, at 25° C and a constant pressure of 1 
atmosphere, in the formation of 1 g of ordinary water 
in the liquid state from normal oxygen and hydrogen 
in the gaseous state; and 

(af)o,=the heat evolved, at 25° C and a constant pressure of 1 
atmosphere, in the formation of 1 g of deuterium 
oxide in the liquid state from normal oxygen and 
deuterium in the gaseous state. 

For the experiments with ordinary hydrogen, the following relations 


hold: 
E= E,+¢y(W— W,+1/2 w) (1) 
Mazo (CF) ng0= (AR,) E+Qvap+Uae— Qien. (2) 


Substituting for # in eq 2, and solving for (qf) s0/H,, which will be 
called Aygo, there is obtained 


Aayo = (qf) n20/£,= 





AR, [1 4 Cu(W— W,+1/2 w)+ auc Jehan Ee 3) 


Mago E, 


For the experiments with deuterium, the analogous equations are: 
E= E,+¢,(W— W,) +e’ (1/2 w’) (4) 
Mpg0(Gf)v20= (AR,) E+ Qvap+Geas— ign (5) 


Apo = (Gf) o.0/ E= 


AR, Cy (W— W;) + 1/2 ot (Gvap+ Yens— J ign) /AR, q (6) 





(af \og0/ qf) 420 Apyo/. Asso. (7) 


If Mao and M,,. are the molecular weights of H,O and D,O, re- 


spectively, then the ratio of the heats of formation, from gaseous 
oxygen and hydrogen or deuterium, of H,O and D,O in the liquid state 
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at 25° C and a constant pressure of 1 atmosphere, expressed in ter; 
of the increment in heat content, AH, per mole, is 


(AHf)vo0/ (AHP) 90 as (Ap.o/Ango) (Mpz0/Mayo)- (8) 
4. EXPERIMENTAL RESULTS 


The data of the experiments with ordinary hydrogen and with th 
deuterium are given in tables 1 and 2, respectively, where the column 
headings are defined as above and on page 379. ‘To the mean valjes 
Of Aug and Ao). obtained from these experiments, uncertainties of 


0.018 percent and 0.014 percent, respectively, were assigned, so that! 
Axgo=0.103 508 +0.000 019 ohm/g (9 
A o,0)e=0.096 013 +0.000 013 ohm/g. (10) 

From these values, there is obtained the ratio 
A o90)«]Augo=0.927 59 +0.000 21. (1 


Neglecting the minute amount of HjO, the molecular weight of the 
(D,O)* is 


20.0284 — (0.0147 +0.0028) (20.0284— 19.0221) 20.0136 +0.0028, 
The ratio of the molecular weights is 
M 90)+/ Mugo= 1.110 87 -0.000 16. 
And, by eq 8, 11, and 12 
(AHP) o90)e/ (AHP) ngo= 1.030 43 +0.000 28. (13) 


TABLE 1.—Calorimetric data of the experiments on the heat of formation of ordinary 
water % > 
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* The results of 2 other experiments made in this series are not included, because their deviations from 
this mean were, respectively, about 6 and 8 times the normal deviation for such experiments. 
> See text on p. 372 for explanation of symbols. 


* The symbol (D20)* is used to denote the actual deuterium oxide, which, in the experiments on forms: 
tion, was formed from deuterium that contained 0.0147 +0.0028 mole fraction of H'D and 0.000 06 0.000 01 
mole fraction of H} (see section ITI-2). 
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TapLE 2.—Calorimetric data of the ear: on the heat of formation of deuterium 
oxide @ 


| 


> | | | Deviation 
K ARe W Qvap | Jane Mp0 from 
| mean 


Ohms Ohms g 
0.004 081 0. 245 183) 3619. 61 q 
.002 774 . 250 078| 3621.70) 57.2 1 
. 002 689 . 251 528] 3620.47) 45.7 2 
.002 845 . . 248 997) 3616.96] 39.6 1 
3| 002 813 . 250 733) 3623.51) 46.6 1 
j} .003 289 . 211 428) 3619.94) 49.0 1 


Joules| Joule: 9 | Ohms/g Ohms/g 
53.3 


. . 556 57) 0.096 034)-+-0.000 021 
» - 5/2, - 096 005) ~.000 008 
; 7. 5/2. - 096 020) +.000 007 
; - 5/2. 598 .095 987) —.000 026 
6 - 5/2. 3} 096 018) +.000 005 
. A .096 013 . 000 000 


2 























-| 0.096 013 |__ 





Standard Gevistion of the mean (6). <2... 25.6.5... sooo ssc c slik decescne +-0.0000065) .. = 








«See text on p. 372 for explanation of symbols. 


With an approximate value for the difference in the heats of forma- 
tion of D,O and H'DO, one can correct the value for (D,O)* for the 
small amount of H'DO in it and obtain a value for the heat of forma- 
tion of pure D,O. By the method discussed in section VI-5, it was 
calculated that, for the formation of liquid water from gaseous 
normal oxygen and the given hydrogen at 25° C, 


(AHf)o,0— (AHF) wno-= — 4,700 +900 int. j/mole. (14) 
In a similar manner, it was calculated that 
(AH) s'vo— (AHA) nb>= —4,070 +900 int. j/mole. (15) 


The foregoing calculations were made by taking the heat of vaporiza- 
tion of liquid H'DO at 25° C to be 44,700 +200 int. j/mole, the 
value of H°sg.1s—H% to be 8,519 +8 int. j/mole for H'D(g) and 
9,930 +12 int. j/mole for H'DO(g), and the difference in the zero- 
point energies between H3(g) and H'D(g) and between H}O(g) and 
H'DO(g) to be 3,419 +12 and 7,400 +900 int. j/mole, respectively. 
The value for the heat of formation of liquid ordinary water, from gase- 
te a hydrogen and oxygen, at 25° C, has already been reported 
15] to be 

(AHf)°s,0= —285,795 +40 int. j/mole. (16) 


Taking account of the 0.0147 mole fraction of H'DO in the D,O, it 
was calculated that 


(AHf)o.0— (AHP) x40)e= —70 +13 j/mole. (17) 
r, in terms of (AHP) 2,0; 
(AHP) ogo — (AHP) coy0)*= (0.000 25 +0.000 05) (AHS) x0: (18) 
Combination of eq 13 and 18 yields 
(AHf)o,0= (1.030 68 +0.000 29) (AHF) x,0, OF (19) 
(AHf)..0— (AHF) x,0= —8,768 +83 int. j/mole. (20) 
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Taking account, in a similar manner, of the 0.0004 mole fraction , 
H'DO in H,O, it was calculated that 


(AHA) wo— (AHF) x0= 1.6 +0.4 j/mole. 
Or, in terms of (AHf)x,0, 
(AFf)xo= (0.999 994 + 0.000 002) (AHf) nyo. 


Therefore, 
(AHf)o0= (1.030 68, +0.000 29) (AHP) nto. 


Assuming the conversion from a real pressure of 1 atmosphere ¢ 


the hypothetical standard state with fugacity equal to 1 atmospher 
to be the same (—3.6 j/mole [15] for the formation of the differey 
species of water, the following values were obtained: 


H,(g) + 1/20, (g) = HO (liq) ; AH° 205 1s= —285,795 +40 int. j/mole (24 
Hi(g) - 1/20, (g) =H!0 (liq) ; AF x08 16= — 285,793 +40 int. j/mole (25 


D,(g) -t- 1/20, (g) =D,0 (liq) ; A x06 16= — 294,563 + 94 int. j/mole (26 


IV. RATIO OF THE HEATS OF VAPORIZATION OF DE 
TERIUM OXIDE AND ORDINARY WATER, AT 25°C 


1. METHOD AND APPARATUS 


The calorimetric method used in these experiments was substa 
tially the same as that previously used in this laboratory to determin 
the change in internal energy of gases as a function of the pressure [33 
in which experiments the change of state was from that of a gas at 
high pressure (20 to 40 atmospheres) to that of a gas at a pressure 
1 atmosphere. In the experiments on vaporization, the change 
state was from that of a liquid under its own vapor pressure to ths 
of a gas at a low pressure (about 2 mm Hg). 

The calorimetric apparatus for the experiments on the heat 0 
vaporization was the same as for the experiments on the heat of fo 
mation, except that the reaction vessel (see fig. 2 of reference [6]) wi 
replaced by the one shown in figure 1 of this paper. 


2. CHEMICAL PROCEDURE 


In the case of both the ordinary water and the deuterium oxide, : 
transfer of material was effected in the absence of air by distilling th 
material under its own vapor pressure at room or lower temperature 
The experiments with ordinary water were performed first, followe 
by those with deuterium oxide. Before receiving deuterium oxidé 
the entire system, including vessels and connecting tubes, was twid 
flushed with the vapor of deuterium oxide and evacuated. 

The deuterium oxide was removed from its sealed glass ampoule }) 
placing the latter inside a second glass tube connected, as shown 
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re 1, to @ receiving vessel; evacuating the entire system; placing 
jiquid air around the tube containing the sealed glass ampoule; 
letting the latter break as a result of the expansion of the deuterium 
oxide on freezing; replacing the liquid air with water at room tempera- 
ture; flushing and evacuating the system twice; placing a refrigerant 
at about —80° C (solid carbon dioxide in a mixture of carbon tetra- 
chloride and chloroform) around the receiving bulb; and permitting 
the distillation to proceed at the vapor pressure of the deuterium 
oxide at room temperature. The deuterium oxide was then trans- 
ferred in a similar manner to the reaction vessel. 
For the experiments with ordinary water, distilled water from the 
Bureau’s Chemistry Building supply line was used, with dissolved air 
removed by the distillation process described above. 


J 














Figure 1.—Apparatus (glass) used in the experiments on vaporization. 


A, calorimetric reaction vessel from which water is vaporized; B, connecting tube; C, receiving bulb; 
J, connection to vacuum pump; D, sealed ampoule containing original deuterium oxide; E, bulb in which 
the ampoule of deuterium oxide is broken; F, connecting tube; G, reservoir; H, picnometer for determining 
densities “in vacuo.” 


The deuterium oxide used in the experiments on vaporization was a 
lot of 25 g obtained commercially,® which was sealed in a glass ampoule 
and labeled ‘‘99.9-+- percent deuterium oxide.” The purity of this 
material was determined at the conclusion of the experiments on 
vaporization by measuring at 27.00° C the ratio of the mass of it to 
the mass of ordinary water required to fill to a given mark the pic- 
nometer shown in figure 1. In the determination of the specific 
gravity of the deuterium oxide, the material was transferred entirely 
in the absence of air, by distillation at its own vapor pressure at room 
temperature, with the deuterium oxide and the ordinary water being 
at all times in contact only with their respective vapors. In weighing 


‘This deuterium oxide was purchased from the Stuart Oxygen Co., San Francisco, Calif. 
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the picnometer, a duplicate of it was used as a counterpoise, and ¢). 
rection was made for the buoyant effect of the air on the brass weights 
If d is the density and m is the mass of liquid required to fill the pic. 
nometer to the given volume, then '° 

dp,0)+/da.0 =m (D90) +/Mazo (27 


“i) 


To obtain the actual mass of liquid in the picnometer, there was sy}. 
tracted from the total mass of water (liquid plus vapor) in the pic. 
nometer the mass of the water vapor in the space above the liquid, 
This correction amounted to 0.001 39 g for the ordinary water, and 
correspondingly to 0.001 35 g for the deuterium oxide. The total yo). 
ume of the liquid in the picnometer was near 16.8 ml. The measure. 
ments yielded, for 27.00° C, the value 


d(o30)+/day=1.107 84 +0.000 16 (28) 


On the basis of the value of the ratio of the density of pure deuterium 
oxide to that of ordinary water, previously reported by one of the 
authors [10], namely, for 27.00° C, 


dp.o(Aago= 1.107 69 +0.000 05 (29) 


the deuterium oxide used in the vaporization experiments had a purity 
of 1.0000 +0.0015 mole fraction. . 
In each of the calorimetric experiments on vaporization, the liquid 
vaporized from the calorimeter was condensed in an evacuated weighed 
receiving bulb (see fig. 1). In these weighings, a duplicate bulb of 
substantially the same volume was used as the counterpoise, and cor- 
rection was made for the buoyant effect of the air on the brass weights, 
To obtain the actual mass of liquid vaporized in a given experiment, 
there was added to the mass of it collected in the receiving bulb that 
mass required to fill the added vapor space in the reaction vessel 
caused by the removal of liquid from it. This added mass of water 
was calculated from the densities of the liquid and vapor phases at 
25° C to be 0.000 02; g of vapor per gram of liquid for H,O, and cor- 
respondingly to 0.000 02, g of vapor per gram of liquid for D,0. 


3. CALORIMETRIC PROCEDURE 


In the calorimetric experiments, the water under investigation was 
vaporized from the calorimetric reaction vessel by lowering the vapor 
pressure of the water in the receiving bulb outside the calorimeter 
through control of its temperature. The pressure in the reaction 
vessel in the calorimeter was constant at the value water normally 
has at 25° C, namely, about 24 and 21 mm Hg for ordinary water 
and deuterium oxide, respectively. The temperature of the jacket of 
the calorimeter was maintained constant, and, during the actual 
vaporization of water, electric energy was given to the calorimeter at 
a rate that substantially balanced the rate of withdrawal of energy 
by vaporization. Having once determined approximately the electric 
power required, this was kept constant, and necessary slight variations 
in the rate of vaporization were effected by changing the effective 


10 (D,0)* represents the actual deuterium oxide used. 
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temperature of the receiving bulb through alteration of its depth of 
immersion in the refrigerant (solid carbon dioxide in a mixture of 
carbon tetrachloride and chloroform). 

The times of the “fore,” “reaction,” and ‘after’ periods in the 
calorimetric experiments were 20, 70, and 20 minutes, respectively, 
with the actual vaporization occurring in the first 60 minutes of the 
70-minute “reaction” period. The substantially constant rate of 
input of energy to the calorimeter through stirring, etc., u, measured 
in ohms per minute, was taken as the average of the values calculated 
for this quantity from the observations of the “fore” and “‘after’’ peri- 
ods. The value of the heat-leak constant, k, was taken as 0.00198/min. 
a value determined in other experiments with larger differences 
of temperature between the jacket and the calorimeter can. 

During the reaction period, the energy removed from the calorimeter 
by the vaporization process, is 


Q= (electric energy)— E(AR— U—&), (30) 


where the electric energy is in int. j; Fis the energy equivalent of the 
calorimeter system in int. j/ohm; AR is the increase in resistance, in 
ohms, of the platinum resistance thermometer during the reaction 
period; U is the product of u and the time of the reaction period; and 
Kis the product of k, the time of the reaction period, and (R;—R¢z)ave, 
the average, with respect to time, of the difference in temperature 
between the jacket and the calorimeter expressed in ohms on the 
given platinum resistance thermometer. 

If m is the mass of water vaporized, then the heat of vaporization 
of 1 g of water, from a liquid under its own vapor pressure to a gas 
issuing from the exit end of the calorimeter at the given pressure and 
velocity, is 


L=Q/m, (31) 


where Q is given by eq 30. 

To reduce the heat content of the gas to zero pressure with no 
directed kinetic energy, there must be added to the above value of l, 
the increase in the heat content of the gas in going to zero pressure 
from the pressure at the exit end of the calorimeter, and there must 
be subtracted from it the amount of directed kinetic energy possessed 
by the gas as it issued from the calorimeter. For the former correc- 
tion, the value of (dH/dP)r is taken to be the same, per mole, for both 
ordinary water vapor and deuterium oxide vapor, namely, 705 +35 
j/atm mole [15]. This correction was calculated to be 0.10 and 0.09 
j/g for ordinary water and deuterium oxide, respectively, under the 
given conditions. The pressure of the gas at the exit end of the 
calorimeter was calculated, from the known dimensions of the path of 
travel of the vapor and the total known pressure drop from the reser- 
voir in the reaction vessel to the receiving vessel outside the calo- 
rimeter, to be 1.9, and 1.7, mm Hg for the ordinary water and the 
deuterium oxide, respectively. From the pressure, the cross-sectional 
area at the exit end of the calorimeter, and the known rate of with- 
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drawal of water from the reaction vessel, the directed kinetic energy 
was calculated to be 0.61 and 0.59 j/g for the ordinary water and thp 
deuterium oxide, respectively. 


4. EXPERIMENTAL RESULTS 


The experimental data obtained on the vaporization of ordinary 
water are given in table 3 and those for deuterium oxide in table 4. 
The final over-all uncertainty of each value, obtained by including 
uncertainties in the small corrections to zero pressure and for directed 
kinetic energy equal to 100 percent of their own values, is given in the 
last line of each table. 


TABLE 3.—Calorimetric data on the heat of vaporization of ordinary water * 





Energy Aver- | Heat of Devia 
Experi- : equiva- ‘ age vapori- via. 
ment | Electric lent of tem- | zation »| "Non 

energy calo- pera- at from 
rimeter ture | 25°C | Mean 





Int. j Ohms | Int. j/ohm °C} Int.j/g 
22, 406.6] —0. . 000 762 2} 0.000 6916] 147,460] 9. 492 95} 24461) 

000 -000 1899] 147,084] 9. -98| 2443. 20 
—. 000 2218} 147,609} 9. 5.02] 2443. 63 
—. 000 1400 5.01] 2443. 2) 


























2444. 04 
| he eS =e eee +0. 70}... 
Uncertainty interval ¢ [5] +1. 52 











*® See text on p. 379 for explanation of symbols. 

» Corrected to 25.00° C (taking di/d 7'=—2.36 j/g degree), to zero directed kinetic energy (—0.61 j/g), and 
to zero pressure (+0.10 j/g). 

¢ Including assumed uncertainties of 100 percent of the values of the corrections given in footnote b. 


TABLE 4.—Calorimetric data on the heat of vaporization of deuterium oxide * 





' Energy Aver- | Heat ot | 
Experi- | wiectric equiva- , vapori- | “tion 


Devia- 


lent of 
calo- 
rimeter 


from 
mean 


energy 





Int.j Int.j/ohm R ilo 

20, 161.0 \ \ . OF \ 2268. 0. 76 
20, 148. 6 
19, 728. 9 
19, 705. 8 


























Standard deviation of the mean [5] 1 
Uncertainty interval « [5] +1.17 











® See text on p. 379 for explanation of symbols. 

» Corrected to 25.00° C (taking dl/d T= —2.36 j/g degree), to zero directed kinetic energy (—0.59 j/g), and 
to zero pressure ( + 0.09 j/g). 

¢ Including assumed uncertainties of 100 percent of the values of the corrections given in footnote b. 


The value obtained from the present experiments for the heat of 
vaporization of ordinary water to zero pressure, namely, 2444.04 
+1.52 int. j/g at 25° C, agrees, within the respective limits of uncer- 
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tainty, with the value obtained by converting the recent data of 
Osborne, Stimson, and Ginnings [34] (which were obtained at satura- 
tion pressure) to zero pressure, which value is 2442.63 +0.72 int. j/g 
at 25° C [15]. 

The calorimeter used in the present experiments on vaporization 
was not especially designed for measuring heats of vaporization (in 
particular, it was designed to transfer energy at the rate of 50 to 
150 watts, whereas in the experiments on vaporization the rate of 
transfer of energy was less than 7 watts), and there is the possibility 
of the existence of some small unaccounted-for constant errors. 
Therefore, it is felt that, from the data of the present experiments on 
vaporization, there can be obtained a value for the ratio of the heats 
of vaporization of deuterium oxide and ordinary water that is more 
accurate than the value for either one separately, and that a “‘best”’ 
value for the difference in their heats of vaporization and for the heat 
of vaporization of deuterium oxide can be obtained by combining this 
ratio with the “best”? value for the heat of vaporization of ordinary 
water, as obtained from the data of Osborne, Stimson, and Ginnings 
[34], plus a correction to zero pressure [15]. 

The present data yield for the ratio of the heat of vaporization of 
1 g of ordinary water to that of 1 g of deuterium oxide, to zero pres- 
sure at 25° C, the value 


I? x0/l°p90= 1.077 79 +0.000 78. (32) 


Combination of this ratio with the ratio of the molecular weights of 
D,O and H,O, 


Mo,o/Mayo=1.111 69 (33) 


yields for the ratio of the molal heats of vaporization, to zero pressure 
at 25° C, 


Ly ,0/L°x0= 1.031 45 +0.000 75. (34) 


For the heat of vaporization of ordinary water, the following ‘‘best”’ 
value has already been reported [15]: 


H,O (liq) =H,0(g); AA x06 145= 44,007 +13 int. j/mole. (35) 


Combination of eq 34 and 35 yields for the difference in the heats of 
vaporization of deuterium oxide and ordinary water at 25° C 


and for the heat of vaporization of deuterium oxide to zero pressure 
at 25° C 


D,O(liq) = D.O(g) ; AH x96 16= 45,391 +36 int. j/mole. (37) 


The difference in the heats of vaporization of H,O and H}O would 
be expected to be quite negligible—of the order of 0.2 j/mole. 
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V. COMPARISON WITH PREVIOUS EXPERIMENTAL DAT, 
1. HEAT OF FORMATION OF LIQUID DEUTERIUM OXIDE 


In 1935, Flood and Tronstad [28] reported the results of experi. 
ments on the determination of the ratio of the heat of formation of 
liquid deuterium oxide to that of ordinary water. The following js 
descriptive of their experimental work: In each experiment, they 
exploded about 18 cm* (measured at 1 atmosphere) of ‘Knallgas” 
(D,+1/20, or H,+1/20,); the volume of the explosion vessel was 
100 cm*; the temperature rise was of the order of 3.9° C; about 5 
percent of the water formed in the reaction remained as vapor in the 
explosion vessel, and this amount was corrected to the liquid state: 
the average temperature of the reaction was about 17° C; about 
0.0005 mole of deuterium (or of ordinary hydrogen) was burned in 
each of the experiments. This last figure is to be compared with 
the approximately 0.13 mole of deuterium burned in each of the six 
experiments of the present investigation. For the ratio of the heat 
of formation of liquid deuterium oxide to that of liquid ordinary 
water, Flood and Tronstad reported 1.027 + 0.003, without giving the 
numerical details of their work or the manner of estimating the uncer- 
tainty. Within its assigned limits of uncertainty, this value is in 
substantial accord with the value 1.030 68 +0.000 29 obtained in the 
present investigation (eq 19). 


2. HEAT OF VAPORIZATION OF DEUTERIUM OXIDE 


A value for the heat of vaporization of deuterium oxide may be 
deduced from the calorimetric measurements of Bartholomé and 
Clusius [17] on the heat of sublimation of deuterium oxide at 0° C 
and those of Long and Kemp [16] on the heat of fusion of deuterium 
oxide at 3.82° C, together with appropriate heat-capacity data for 
conversion to 25° C. The data to be combined are the following: 


D,O(c) =D.,0(g); AAMo316= 52,996 +110 int. j/mole 
D,O(c)=D,O (liq); AHor608==6,279 +15 int. j/mole 
D,O(liq); Hesie—Heve08= 1,770 +3 int. j/mole 
D,O(c);  Heze0s— Hoz3.16=172 +1 int. j/mole 
D.O(g); = Aeoes.re— Aoza.16=852 +3 int. j/mole. 


The values for 39, 40, and 41 were calculated from the data of 
Long and Kemp [16], who measured the heat of fusion of deuterium 
oxide and its heat capacity in the liquid and solid states (see also 
references [30, 31, 32]). The value for eq 42 was calculated statisti- 
cally, the vibrational energy contribution being found to be 20.8 
j/mole. The value for eq 38 was calculated from the data of Barthol- 
omé and Clusius [17], who measured the heat of sublimation of D,0O 
at 0° C in a Bunsen ice calorimeter. Their data yield 9.7604 g of 
mercury displaced for each gram of deuterium oxide sublimed, the 
total in three experiments being 12.5714 g of mercury displaced and 
1.2880 g of deuterium oxide sa Te Taking as the energy equiva- 


lent of the Bunsen ice calorimeter 271.10 int. i /g of mercury displaced 


[18], the data of Bartholomé and Clusius yield 52,996 int. j/mole for 
the heat of the reaction given by eq 38. Combination of eq 35, 38, 
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39, 40, 41, and 42 yields 1,620 +112 int. j/mole for the difference in 
the heats of vaporization of deuterium oxide and ordinary water 

25° C. 

The data of Miles and Menzies [19], who measured the difference 
between the vapor pressures of deuterium oxide and of ordinary 
water as a function of the temperature over the range from 25° to 230° 
(, yield 1,324 +135 int. j/mole for the difference in the heats of 
vaporization at 25° C. 

The less extensive data of Lewis and MacDonald [20] on the differ- 
ence in the vapor pressures as a function of the temperature over the 
range from 20° to 110°C yield 1,140 +150 int. j/mole for the difference 
in the heats of vaporization. 

The three values just given for the difference between the heats of 
vaporization of deuterium oxide and of ordinary water, namely, 1,620 
+112, 1,324 +135, and 1,140 +150 int. j/mole, are to be compared 
with the value 1,384 +33 int. j/mole determined in the present 
investigation. 


VI. THERMODYNAMIC CALCULATIONS 


1. HEAT OF FORMATION OF DEUTERIUM OXIDE AT 25° C 
AND 0° K 


Values for the heat of formation of gaseous ordinary water at 25° C 
and 0° K have already been reported " [15]: 


Hi(g) + 1/202(g) = H,0(g) (43) 
ATT ses.10= — 241,788 +42 int. j/mole (44) 
AH3=—238,896 +42 int. j/mole (45) 


The corresponding values for deuterium oxide may be obtained by 

combining eq 20, 24, and 36 (or 26 and 37) and the values for 
Hoss —H 6 given in table 5 for D.(g), D.O{g), and O,(g): 

D,(g) +1/20;(g) = D,0(g) (46) 

AH %8.16== — 249,172 +100 int. j/mole (47) 

AH (>= —246,231 +100 int. j/mole (48) 


2. FREE ENERGY OF FORMATION OF DEUTERIUM OXIDE AT 
425° C 
The entropies given in table 5 may be appropriately combined 
with the heat of formation to obtain the free energy of formation, 
according to the relation 
AF=AH—TAS. (49) 


In this way there was obtained 


D,(g) a 1/2 O, (g) = D,O (g) ; AF sea. — 234,52 1 + 100 int. j/mole (50) 

" The values used in this paper for AF j,5,,5 and AH@ for the formation H10(g), according to eq 43, differ 
{rom those given in reference [15] by —9 and 4 j/mole, respectively, because of slight improvements in the 
accuracy of the values ca!culated by one of the authors [25] for Sy..15 and Hjy5.1, 779 for H:0(g). These 


changes are almost negligible, however, being only one-fifth and one-tenth, respectively, of the assigned 
uncertainties. 


218089—40-_—-2 
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TaBLeE 5.—Summary of values of the entropy (not including nuclear spin) at 95° 
C, and of the heat content at 25° C referred to O° K 





"eee 


Substance S° 298.16 H°298.10— Ho em of 
ata 





Int.j/deg mole | cal */deg mole Int j/mole cal */mole 
205.090 +0.040 | 49.026 +0.010 | 8653.6 +3.0 ’ 
31. 230 +0. 005 4 . 
45.135 +0.010 
16.752 +0.019 
34. 641 +0.010 
47.408 +0.010 
18. 191 +0. 031 




















® The calorie is defined as 4.1833 int. j. 

> See eq 54. 

¢ The values of the entropies (including nuclear spin) of D: and HD given in table 4 of reference [25] are 
recorded incorrectly for 7T’'=298.1°K. The correct values are, respectively, 39.001 and 37.919. The eNtries 
for the other temperatures are correct (H. L. Johnston). si 


From the data of Miles and Menzies [19] (see also Lewis and Mac. 
Donald [20]), the vapor pressure of liquid deuterium oxide at 25° (: 
may be taken as 3.15 +0.05 mm Hg less than that of ordinary water, 
With the vapor pressure of ordinary water taken as 0.031 22 
+0.000 020 atmosphere at 25° C [21], the vapor pressure of liquid 
deuterium oxide at 25° C becomes 0.027 08 +0.000 07 atmosphere, 
Assuming d(Figeai—Frear)/dP at 25° C to be the same for D,O(g) as 
for H,O(g), namely, 150 +40 j/atm mole [15], there is obtained 


D,O (liq) = D,0(g) ; AF vg 16=8,9499+9 int. j/mole. (51) 
Combination of eq 50 and 51 yields 


D.(g) +1/202(g) =D,O(liq) ; AF °29. 1s= —243,470 +100 int. j/mole. 
(52) 


3. ENTROPY OF LIQUID DEUTERIUM OXIDE AT 25° C 
Combination of eq 37, 49, and 51 yields 
D,O(liq) = D.O(g) ; AS 098.16 = 122.223 +0.124 int. j/degree mole. (53) 


eee of eq 53 with the entropy of D,O(g) given in table 5 
yields 


D,O(iq) ; S°2g.16=76.099 +0.130 int. j/degree mole. _(54) 
4. THE REACTION D,.+HiO=H}+D.,0 


The data on the heats and free energies of formation of ordinary 
water and deuterium oxide were combined to give the following values 
for the isotopic exchange reaction: 


D,(g) +H20 (liq) = H2(g) + D.0 (liq). 
AH 26g 16= —8,770 +83 int. j/mole. 
AF ° xg 16= — 6,316 +96 int. j/mole. 
D;(g) + H20(g) =Hi(g) + D,0(g). 
AA 296 .16= — 7,386 +90 int. j/mole. 
AF x65 18= — 5,966 +90 int. j/mole. 
AH%=—7,337 +90 int. j/mole. 
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It should be noted that the above values are significantly different 
from those reported in the literature. For example, for the isotopic 
exchange reaction in the gaseous phase as given by eq 58, the calcula- 
tions of Jones and Sherman [29] give 


AH? =—1,488 cal/mole; Koos 15== 7.088, (62) 
which values are to be compared with 
AHS= —~ 1,754 +22 cal/mole; Koos 16= 11.10 +0.42 (63) 


from the present work.” 
5. ZERO-POINT ENERGIES 


If the energy of binding of atoms is the same for different isotopes 
of the same element, that is, dependent on the electron distribution 
about the nucleus but independent of the mass of the nucleus, then 
the differences in the heats of formation of D,O and HO at 0° K, as 
siven by eq 26, 28, 35, and 37, will be equal to the appropriate differ- 
ences in the zero-point energies of the molecules concerned. If 
(AHf3) ajo and (AHf>).0 represent, respectively, the heats of forma- 
tion of H{O and D,O from their elements at O° K, as given by the 
equations just cited, and ZPE represents the zero-point energy, then, 
on the assumption just mentioned, 


(AHfo) o— (Af, )ppo=[(Z PE) wi0— (Z PE) p,0) — [(Z PE) Hi — (Z PE) oy}. 
(64) 
Values of the zero-point energies of H, and D, are accurately known 


from the apestepeponee data of Teal and MacWood [22], which are in 


substantial agreement with the data of Jeppeson [23]. Expressed in 
terms of wave numbers (in cm)~! the zero-point energies of H} and 
D, are, respectively, 2171.3; and 1542.8,, the difference being 628.5 
wave numbers. Converted to international joules by means of the 
factor 11.940, these values become, respectively, 25,926, 18,422, and 
7,504 int. j/mole. The uncertainty in the difference may be conserva- 
tively placed at +12j/mole. Then 


(ZPE)g;— (ZPE),=7,504 +12 int. j/mole. (65) 
From eq 61, 

(AH P%) wi0— (AHF8)n0= 7,337 +90 int. j/mole. (66) 
Therefore, from eq 64, 65, and 66 


(ZPE) s3o— (Z PE) p9o= 14,841 +91 int. j/mole= 
3,548 +22 cal/mole=1243.0 +7.6 wave numbers. (67) 


An extensive analysis of the data on the vibrational-rotational 
spectra of the H3O and D,O molecules has just been completed by 
Darling and Dennison [35], who have developed a new theory of the 
water molecule in connection with the problem of expressing the 


" K is defined by the relation AF°=—RTInK, and, for the isotopic exchange reaction under consideration, 
at pressures sufficiently low for the fugacity to be replaced by the partial pressure K =( Pp,0 Px})/(Pxi0Pp,) 
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energies of the various levels of the molecule in terms of certain ep. 
stants evaluated from their equation and the spectroscopic data 
They find that, for those states where resonance may be neglected, of 
which the ground state is one, the energy, W, of a given level is given 
by the equation 


W [he=o; (m+ 1/2) + w2(m2+ 1/2) + 3(n3+ 1/2) + Xu (m4 +1/2)?+ 
Xoo(Ne+ 1/2)?+ X93 (ng+ 1/2)?+ X12(m + 1/2) (n2+1/2)+ 
X13(m + 1/2) (mst 1/2) + Xo3(m2+ 1/2) (ng+1/2), (68) 


where w;, #2, and w; are the normal frequencies, n,, N2, and ng are the 
quantum numbers for the three different modes of vibration, and the 
X’s are the interaction coefficients. Darling and Dennison [35] obtain 
the following values for the constants, with the energy expressed jn 
wave numbers: 





HjO D,0 





3825. 32 2758. 06 
1653. 91 1210. 25 
3935. 59 2883. 79 
— 43. 89 — 22. 81 
—19. 50 —10. 44 
— 46. 37 — 24. 90 
— 20. 02 —10. 56 
— 155. 06 —81. 92 
—19. 81 — 10. 62 

















The zero-point energy of the molecule is given by eq 68 with n,=n,= 
n3=0, as follows: 


ZPE=1 [2 (w+ 2+ 3) + 1/4 (Xi t+ Xoo+ X93+ X12 + Xigt+ Xo). (69) 


On substitution of the constants in eq 69, Darling and Dennison 
obtain the following values for the zero-point energies: 


(ZPE) «:9= 4631.25 wave numbers, 
(ZP E)p99=3385.74 wave numbers. 
(ZPE) sio— (Z PE) p= 1245.51 wave numbers. (72) 


Dennison, in a private communication to the authors, has placed an 
uncertainty of 2 wave numbers on the above value for the difference 
in the zero-point energies. The value 1245.5 +2.0 wave numbers is 
to be compared, therefore, with the value 1243.0 +7.6 wave numbers 
deduced from the data of the present investigation, and indicates that, 
within the accuracy with which calorimetric measurements and 
spectroscopic analyses can be made today, the energies of atomic 
linkages are independent of the mass of the nuclei of the atoms. 


VII. SUMMARY 


The various thermodynamic values calculated in this paper ar 
summarized in table 6. 





‘f ‘UI CERT's SY POUYEP sf} OJ20[wO OY,L © 





CIs 6°€92 ‘I— 06F LEE ‘Z— oe 19et ‘T 06 996 ‘c— $‘IZF 9 "992 ‘I— 06F 988 ‘L—- (3)0'd + (3) fH=(3) 08H +(3)*a 


+ 
8 
Oo 
§ 
~ 
‘= 
& 
= 
= 
© 
Q 
> 
=> 
. 
Ss 
= 
x 
2 
P 
my 
3 
= 
8 
38 
ss 


96F 9Ie ‘9— 8 '6IF #960 Z— ESF OLL‘8— (oo'a+(3){H= (OIOfH+ (3a 
z CF 2 6EI ‘Z 6F 66 ‘8 9 ‘SF ¢ ‘Oss ‘OI * paps aes eee eS </ @ota= (bIDOta 
6 Et 2190 ‘9S— | OOIF zg ‘bec— 6 "EsF 9 “E99 ‘6s— : 7777777 Bota = (3)50 U/1+(3)'a 
6'&CF C'00S‘SS— | COT OLF ‘StZ— C2 OTP ‘OL— i Tose snneeseseserssss"" (DIN OFA =(3)*O Z/1+(3)§a 
2)0uL/s)D9 ajou/f2Uy | 2j]0uL/sjD2 apoun/f "uz 270ut/s}D2 ajou/f *zuyz 











is © A orev DOpoBey 





Rosisni, Knowlton, 


Johnston 


san7zpa dtwivufipowmiay) fo hupmungy—g AIAV], 





388 Journal of Research of the National Bureau of Standards  {va.s, 


The authors are greatly indebted to F. G. Brickwedde and R. B. 
Scott, of the Cryogenic Laboratory of this Bureau for analyzing, by 
measurement of vapor pressures, the deuterium used in the experi. 
ments on the heat of formation of liquid deuterium oxide. 
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NOTE ON THE EFFECT OF PRESSURE ON THE WAVE- 
LENGTHS OF THE INTERNATIONAL SECONDARY 
STANDARDS IN THE FIRST SPECTRUM OF IRON 


By Curtis J. Humphreys 


ABSTRACT 


The wavelengths of the lines in the first spectrum of iron, adopted as secondary 
standards by the International Astronomical Union in 1928 and 1938, have been 
compared with the wavelengths of the same set of lines, observed by Burns and 
Walters using 8 vacuum-are source. The International Standard wavelengths are 
derived from observations with the specified Pfund are operated in air. Conse- 
quently the two sets of data permit a check on the pressure effect in Fe 1. Term 
depre: mens obtained by this comparison agree reasonably well with those observed 
by Babcoc 


The widespread use of the lines of the spectra of iron as standards 
h 


of wavelength makes it important that the dependence of wavelengths 
upon operating conditions to which the source is subjected be de- 
termined. The Pfund arc, as specified by the International Astro- 
nomical Union [1],'is used as the source of the secondary standards in 
the iron spectra. The essential feature of the specification, that the 
radiation used be taken from the central zone of a relatively long are, 
is intended to eliminate pole effect. The spectrum from this source is, 
however, subject to the displacement arising from the pressure of the 
atmosphere. The so-called vacuum arc, because of the relatively low 
operating pressure, exhibits a negligible pressure effect and the pole 
effect has not been detected in it. 

Earlier investigations of the pressure effect, particularly in the spec- 
tra of iron, have been povsdlme ty by the author in a recent paper on the 
pressure effect in Fe 1 [2]. Reference is made here only to the work of 
Gale and Adams [3], and of Babcock [4]. Gale and Adams separated 
the observed lines into four groups, designated by the letters a, b, c, 
and d, according to the amount of pressure displacement. A fifth 
group, designated e, consisting of lines showing a negative pressure 
effect, that is a diminution of wavelength with increased pressure on 


! Figures in brackets indicate the literature references at the end of this paper. 
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the source, was noted by St. John and Ware [5]. Group e is not con. 
sidered in this study because it contains no secondary standards. [| 
was shown by Babcock that this grouping could be explained on the 
basis of the term classifications of the lines, assuming that the effect 
of pressure manifests itself in a lowering of the spectral terms, being 
relatively greater for the higher terms. The results of Gale and Adams 
were considerably larger than Babcock’s, a feature explained by the 
latter on the basis of the presence of both pole effect and pressure 
effect in the radiation. Babcock operated his source in air in accord. 
ance with the IAU specification for the production of standards free 
from pole effect. No further measurements of pressure displacements 
in Fe 1 have been reported during the past 11 years. 

Additional information regarding the pressure effect in Fe 1 may be 
obtained from a study of available interference measurements. The 
International secondary standards [6] represent the mean of three or 
more concordant comparisons of the wavelengths from the Pfund arc 
with the primary standard or an equivalent group of noble-gas lines, 
Burns and Walters [7] have made interference measurements of the 
wavelengths of the lines of Fe 1 from the vacuum arc in like manner, 
Wavelengths of lines common to these two sets of data should showa 
systematic difference attributable to pressure effect. 

It is the purpose of this note to report and discuss the depressions of 
the levels of Fe1, resulting from a pressure difference of 1 atmosphere, 
corresponding to the respective operating conditions of the Pfund arc, 
specified as the source of International secondary standard wave- 
lengths, and the vacuum arc, used by Burns and Walters. 

or purposes of this study, the lines were grouped according to 
multiplets. Burns and Walters give wave numbers computed from 
average terms in addition to the observed values for most lines. Both 
have been compared with the wave numbers appropriate to the Inter- 
national secondary standards. The computed wave numbers are 
dependent on the observations of several different lines and may 
therefore be regarded as somewhat more accurate than the individual 
observed wave numbers. Such computed wave numbers might also 
be expected to give a somewhat more regular set of pressure displace- 
ments when subtracted from the wave numbers belonging to the 
International lines. This expectation, however, was not uniformly 
supported by the results. Consequently, both sets of differences were 
given equal weight in deriving depressions of the terms resulting from 
pressure. 

The calculation of the depressions of the terms of a spectrum from 
the pressure displacements of individual lines has been discussed by 
Babcock [4] and by the author [2]. These depressions are all relative 
to the lowest state, assumed to have zero depression, and can be com- 
puted to the extent permitted by the availibility of lines involving 
transitions between levels, one of which has a known depression. The 
results of this study are given in table 1. 
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TABLE 1.—Term depressions in Fe 1 





Depression || Depression 
resulting from resulting from 
1 atmosphere 1 atmcspkere 
pressure pressure 
change r - change 








Designa- Mag- This Bab- Designa- Mag- This Bab- 
nation nitude analysis} cock tion nitude analysis| cock 





| 


em-! cm-! | em=} 
0 0. 0000. 000 z*D° | 45, 300 

7, 500 0. 000)0. 000 y *G° | 45, 400 
12, 500 . 000} . 001 ziG° | 45, 800 
17, 700 . 003) . 003 16° | 46, 720 
18, 700 . 004) . 002 17° | 46, 745 
19, 600 . 004) . 003 18° | 46, 888 
19, 600 ‘ . 003 19° | 46, 889 
20, 800 ‘ . 003 y*P° | 46, 900 
22, 000 : . 007 z*H° | 47, 000 
22, 900 , w*D° | 47, 100 
23, 000 . . 006 21° | 47,177 
24, 100 ‘ 23° | 47, 419 
24, 100 : . 005 238° | 47, 500 
24, 335 a b5F 47, 700 
24, 574 ‘ 25° | 47, 834 
24, 772 . 26° | 47, 966 
26, 200 ; , 28° | 48, 163 
27, 300 , . 30° | 48, 238 
29, 400 j ‘ 31° | 48, 289 
31, 600 ; , 32° | 48, 304 
31, 700 P y 36° | 48, 702 
33, 600 ; ; 37° | 49, 108 
34, 200 : ; 40° | 49, 242 
34, 200 ; ‘ 49, 604 
35, 400 , , 49, 627 
35, 700 : ; 3 d 50, 342 
37, 100 ‘ ; 50, 377 
37, 100 50, 423 
38, 600 50, 534 
40, 000 50, 808 
40, 700 50, 833 
50, 998 
51, 148 
51, 192 
51, 208 
51, 228 
51, 700 
52, 000 


. 022 
. 020 
. 015 
. 025 
. 030 
. 030 
. 022 
. 028 
. 027 
. 030 
. 030 
. 037 
. 046 
. 037) . 
. 039 
. 012 
. 012 
. 014 
. 022 
. 025 
. 021 
. 006 
. 016 
. 017 
. 021 
. 023 
. 028 
. 034 
. 038 
. 033 
. 028 
. 019 
. 042 
. 002 
. 014 
. 032 
. 041) . 035 
. 036) . 029 
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The designations of the terms, or numbers assigned to unclassified 
levels, appearing in the first column are in the notation used by Bacher 
and Goudsmit [8]. Column 2 gives the relative term magnitudes 
starting with the ground state zero, as is customary in discussions of 
this spectrum. Entries rounded off to hundreds represent the average 
positions of the groups of multiple levels constituting known terms. 
This procedure follows Babcock’s example in setting up the corre- 
sponding table. In column 3 the number of combinations with lower 
levels is indicated. Inasmuch as all lines were given equal weight, 
these numbers give an indication of the weight to be associated with 
the pressure displacement found for any term. No entries are shown 
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opposite the low and intermediate even terms. Displacements 
corresponding to these terms had to be adopted in a somewhat different 
manner, as explained below, so that the number of combinations of the 
low even terms with high odd terms does not have the same significance 
as that of the numbers entered. The fourth column contains the term 
depressions obtained by this comparison of the International standards 
with the Burns-Walters data; and finally, in the last column are the 
corresponding term depressions obtained by Babcock from his own 
observations. 

While it is apparent that, in general, the term depression increases 
with elevation Tf the term, it is doubtful if the effect has been measured 

recisely enough to establish a definite functional relationship. The 
ow a*F term appears to have no displacement relative to the ground 
state a °D, as shown by lines involving combinations with higher com- 
mon odd levels. On the same basis the moderately low a *F and a‘P 
do not show a displacement relative to a°D. The low odd septets 
are only slightly higher than a *P, and exhibit a measurable pressure 
displacement, which is apparent in the relatively intense intersystem 
combinations with the ground state. Even levels of the same magni- 
tude are expected to show about the same pressure displacements. 
This would lead to the expectation that the even levels between 19,000 
and 24,000 cm=' would be displaced relative to the low terms. Com- 
binations with high odd terms indicate that these levels have about 
the same displacement as a*P but about 0.007 cm™ greater on the 
average than a*F. Inasmuch as other evidence shows a*F and a5P 
to be affected about the same by pressure, it is seen that the results 
are somewhat contradictory. The values assigned to the even levels 
between 17,500 and 24,000 appear to be the best possible compromise, 
but are to a certain extent arbitrary. 

The term depressions which can be compared with Babcock’s 
show reasonably satisfactory agreement, so that his conclusions re- 
garding the selenite between pressure displacement and term 
magnitude are supported by most of the results here presented. No 
clear-cut evidence for a systematic difference between the displace- 
ments of triplets and terms of higher multiplicities is shown. There 
is, therefore, no separate listing in the table. Babcock’s observations 
were limited to the wavelength interval 3895 to 6677 A. The Inter- 
national standards, including those adopted at the most recent meeting 
of the IAU [6], cover the interval 2447 to 6677 A. 

The pressure displacements obtained from data in the interval 
between 2447 and 3895 A frequently come out unexpectedly small 
and occasionally exhibit negative values. Inclusion in this paper of 
data from the region of wavelengths shorter than 3895 A has the 
effect of making many of the observed term depressions smaller than 
expected on the basis of earlier estimates. Whether there is any 
theoretical significance to be attached to this fact, it is impossible to 
say at present. However, attention should be called to the diminish- 
ing precision of observations as one goes toward the ultraviolet. Two 
reasons for this may be mentioned. The first is inherent in the 
Fabry-Perot interferometer and arises from a falling off of the reflect- 
ing power of metal films with diminishing wavelengths, resulting in 
poorer definition of interference fringes. The second reason is that 
the ratiod\/du decreases toward the ultraviolet. In a determination 
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of term depressions, one is at a disadvantage because line displace- 
ments are measured, whereas it is a change in wave number which 
is required. 

Because of the need of improved standards in the ultraviolet region 
and of the desirability of obtaining better agreement with the pressure 
displacements observed in the visible region, it is apparent that addi- 
tional precise observations could be profitably undertaken. 
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SEPARATION OF THE AROMATIC HYDROCARBONS, AND 
THE ISOLATION OF n-DODECANE, NAPHTHALENE, 
|METHYLNAPHTHALENE, AND 2-METHYLNAPHTHA- 
LENE, FROM THE KEROSENE FRACTION OF PETRO- 


LEUM ! * 
By Beveridge J. Mair and Anton J. Streiff ” 


ABSTRACT 


This paper is the first report on the separation of the hydrocarbons in the kero- 
sene fraction of petroleum, which investigation is being carried on as part of the 
work of the American Petroleum Institute Research Project 6. That part of 
the petroleum distilling between 114° and 144° C at a pressure of 56 mm Hg (cor- 
responding approximately to 200° and 230° C at 760 mm Hg) was separated into 
a series of substantially constant-boiling fractions. From the material distilling 
between 127° and 138° C (at 56 mm Hg), n-dodecane was isolated by crystalliza- 
tion. All of the material except the isolated n-dodecane was then subjected to 
a systematic extraction with reflux in a two-solvent process in order to separate 
the aromatic hydrocarbons from the paraffins and naphthenes. The ‘‘clean-up’’ 
of the traces of aromatic hydrocarbons was accomplished by adsorption with 
silica gel. The aromatic fractions were then systematically distilled in fraction- 
ating columns of high efficiency. From the material boiling at 56 mm Hg between 
127.0° and 127.5° C, 145° and 146.5° C, and 148.5° to 149.0° C, respectively, 
naphthalene, 2-methylnaphthalene, and 1-methylnaphthalene were isolated by 
fractional crystallization. 

“Best” lots of each of the four hydrocarbons were prepared, with impurities 
estimated to be, in terms of mole fraction: n-dodecane, 0.0000 + 0.0006; naphtha- 
lene, 0.0006 +0.0004; 1-methylnaphthalene, 0.0025 +0.0011; 2-methylnaphtha- 
lene, 0.0000 +0.0003. Values of certain physical properties of these four hydro- 
carbons, all extrapolated to material of 100 percent were determined as follows: 





Hydrocarbon 


n-Dodecane 


Naphthalene 


1-Methylnaph- 
thalene 


2-Methylnaph- 
thalene 





Boiling point at 760 mm Hg-.- 

Freezing point in air 

Density at t° C 

Refractive index at t° C np-. 

Refractive dispersion at t° C 

nr—Nc-- 

Temperature of density, refrac- 
tive-index, and dispersion meas- 
urements °C: 





216. 26 +0. 03 
—9. 60 +0. 02 


_.|0. 74512 +0. 00005 


1. 41951 0. 00010 
0. 00733 +0. 00010 


25 





217.96 +0. 03 
80. 27 +0. 02 

0. 9752 +0. 0002 
1, 5898 +0. 0002 


0.0289 =-0. 0002 


85 


244.78 +0. 10 
—30.77 +0. 06 
1.0163 -+0. 0001 
1. 61494 +0. 00010 


0.02995 +0. 00010 


25 








241.14 +0.05 

34. 44 +0. 02 
0.99045 =-0. 00005 
1. 60192 +0. 00010 


0.02899 --0. 00010 


40 





'This investigation is part of the work of Research P 


> 6 of the American Petroleum Institute, from 
Whose research fund financial assistance has been received. 
} Research Associates at the National Bureau of Standards, representing the American Petroleum Institute. 
Presented at the meeting of the Division of Petroleum Chemistry, American Chemical Society, in Cin- 
cinnati, Ohio, April 8-12, 1940. 
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I. INTRODUCTION 


The work on the chemical constitution of petroleum being carried 
on at this Bureau by the American Petroleum Institute Research 
Project 6 was extended in July 1938 to the kerosene fraction. This 
paper constitutes the first report of this work on the kerosene fraction 
and describes the separation of the aromatic hydrocarbons from the 
paraffins and naphthenes and the isolation of n-dodecane, naphthalene, 
1-methylnaphthalene, and 2-methylnaphthalene. 


II. ORIGIN OF THE KEROSENE STOCK AND OUTLINE OF 
THE INVESTIGATION 


The kerosene stock came from the lot (approximately 1,000 gallons) 
of crude petroleum already used in the investigation of the gasoline 
and lubricant fractions of petroleum by the American Petroleum 
Institute Research Project 6 [1]. This material was obtained in 
1928 from the Brett No. 6 well in the Ponca City Field in Oklahoma. 
The crude petroleum was first separated in a semicommercial plant 
by the Sun Oil Co. into quantities which could be handled in the 
laboratory. The treatment of the kerosene fraction, after receipt 
at the laboratory, is shown schematically in figure 1. The first stage 
was a systematic distillation at a pressure of 56 mm Hg of all fractions 
which contained any material boiling in the range desired for this 
investigation, 114° to 144° C at 56 mm Hg (approximately 200° to 
230° C at 760 mm Hg). The greater part of the n-dodecane was 
then removed by crystallization from the fractions which distilled 
between 127° and 133° C. The remainder of the distillation frac- 
tions and the mother liquors from the crystallization of the dodecane 
were separated by extraction with methyl cyanide and Marcol 
into two portions: (1) fractions of aromatic hydrocarbons and (2) 
raffinate fractions containing paraffins and naphthenes with about 
2% percent of aromatics. The aromatic hydrocarbons were removed 


§ The numbers in brackets indicate the literature references at the end of this paper. 
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from the second portion by adsorption with silica gel, and the ad- 
grbed portion was reextracted with the two solvents. The original 
stroleum distillate was thus separated into a series of fractions 
containing aromatic hydrocarbons and a series containing paraffins 
and naphthenes. The aromatic fractions were then systematically 
distilled in columns of high efficiency, and from the aromatic material 
boiling at 56 mm Hg in the ranges 127° to 127.5° C, 145° to 146.5° 
(. and 148.5° to 149.0° C, respectively, naphthalene, 2-methylnaph- 
thalene, and 1-methylnaphthalene were isolated. 
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Ficure 1.—Schematic outline of the investigation. 





398 Journal of Research of the National Bureau of Standards  {vw.», 


III. SYSTEMATIC DISTILLATION OF THE ORIGINAL 
DISTILLATE 


The kerosene stock referred to in the preceding paragraph was 
systematically distilled twice at 56 mm Hg in a still which consisteq 
of a 12-liter spherical Pyrex glass pot sealed to a Pyrex glass column 5 
cm in diameter and 250 cm in length. This column was fitted with 
the type of reflux regulator recently described by Rossini and Glasgow 
[2] and was packed with single-turn helices (0.24 cm in diameter) 
made of No. 30 AWG stainless-steel wire. The temperatures of the 
three sections of the column were controlled by means of electrical 
heating and thermal lagging. The rate of take-off was approximately 
1.5 ml per minute, and the reflux ratio was 25 to 1. The separating 
efficiency of this column was estimated to be about 50 theoreticg] 
plates [3]. 


IV. PHYSICAL PROPERTIES OF THE DISTILLATION 
FRACTIONS 


After the second distillation, certain physical properties were de- 
termined on one fraction from each degree of the boiling range 114° 
to 144° C (at 56 mm Hg). In figure 2, there are plotted, with respect 
to the boiling point at 56 mm Hg, the volume of distillate for each 
degree of hallaer range, the density at 25° C, the refractive index, 
n*~, the specific dispersion, and, for the region from 126° to 134° C, 
the freezing point. The low values for the density, refractive index, 
and specific dispersion and the relatively high values of freezing point 
indicated that the very large amount of material which distilled in the 
range from 128° to 132° C was rich in n-dodecane. The fractions in 
this region crystallized readily, and the freezing points rose from 
about —60° C for the fractions distilling at 126° C to —14° C for 
those « ies at 130° C and then dropped to —55° C for those at 
133° C. 

Attention is directed to the wide variation in aromatic content of 
these distillation fractions. A maximum in aromatic content occurred 
at about 119° C, where the specific dispersion * reached the value 
129. In the region where n-dodecane was concentrated (around 130° 
C), the specific dispersion had the value 99, which indicated that not 
more than a trace of aromatic hydrocarbons was present. At higher 
boiling points, the aromatic content increased and the specific dis- 
persion reached the high value of 140 for the distillate fractions in the 
region from 141° to 142° C. It will be seen later that the principal 
aromatic hydrocarbons in this region were 2-methylnaphthalene and 
1-methylnaphthalene. 


V. ISOLATION OF n-DODECANE 


At this stage, it was convenient to remove the greater part of the 
n-dodecane because it could be readily separated by crystallization, 
and the volume remaining to be handled in the later more tedious 
processes would thus be substantially reduced. Also the presence of 
_ n-dodecane would complicate the extraction process to be used 
ater. 

The n-dodecane was removed from the fractions distilling between 
127° and 133° C (at 56 mm Hg) by fractional crystallization with the 


4 Unless otherwise specified, the specific dispersion is expressed in unitsJof 10*X(ny—n.)/d. 
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low-temperature centrifuge described by Hicks-Bruun and Bruun [4]. 
The procedure used was to mix fractions with similar freezing points 
(determined approximately with a toluene-in-glass thermometer) and 
to repeat the crystallizations until the material was entirely separated 
into substantially pure n-dodecane and material so poor in dodecane 
that it yielded not more than a trace of crystals on cooling to —65° C. 
Certain physical properties, the volume, and the purity of the fractions 
of n-dodecane obtained by this process are recorded in table 1. The 
percentage of the total distillate, 114° to 144° C (at 56 mm Hg), 
constituted by the volume of n-dodecane isolated is recorded in table 9. 


TaBLE 1.—Volume and properties of ‘ae ae lots of crude n—dodecane actually 
isolate 





— A t of 
ve mount 0 
Volume | index impurity * 

at 25° C 





Mole fraction 
0.014 +0. 003 
-018 +0. 004 
- 030 +0. 006 
- 038 +0. 008 
- 100 +0. 020 





14, 910 




















sAmount of liquid-soluble, solid-insoluble impurity, calculated from the lowering of the freezing point, 
and using for the freezing point of pure n-dodecane the value —9.60 (see table 2) and for the heat of fusion 
the value 8,730 cal/mole [5]. The freezing point of a given lot was taken to be the highest temperature 
observed with crystals present. This temperature was attained at from 3 to 6 minutes from the start of 
supercooling. This would corespond to about 4 to 8 percent of the material frozen. 

To obtain a pure sample of n-dodecane, some of lot 1, described in 
table 1, was diluted with an equal volume of diethyl ether, and was 
crystallized and centrifuged. The crystal portion was again dissolved 
in an equal volume of ether, crystallized, and centrifuged. The 
solvent was removed by refluxing at 56 mm Hg. The time-tempera- 
ture cooling curve for this best lot of n-dodecane is shown in figure 3. 
On the basis of this curve, the amount of impurity in this best lot was 
estimated [6] to be 0.0000 + 0.0006 mole fraction. 
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Figure 3.—Time-temperature cooling curve for n-dodecane. 


88 denotes the time at which the stirrer stopped. The scale of ordinates gives the temperature in °C. 
The scale of abscissas gives the time in minutes. 
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The properties of the best n-dodecane from this petroleum are 
given in table 2, together with values previously determined for this 
substance by Shepard, Henne, and Midgley [7] and by Mair [8]. 


TABLE 2.—Properties of n-dodecane 





From petroleum, Mair and Streiff 





Material 


(A) Actual ‘‘best’’ 
lots 


(B) Extrapolated 
to a purity of 100 





; F 760 mm 
Boiling point at Tr min 
Freezing point in air 
Density at 25°C 


° 
Refractive index at Ris . 


25°C - 


6216. 26 +0. 03 
6131.33 +0. 05 
—9. 60 +0. 01 


_.| ©(0. 7486) +0. 0001 


4, 74512 +0. 00002 


__| 6(1, 4217) +0. 0001 


1. 41736 +0. 00010 
1, 41951 +0. 00010 
#1, 42469 +0. 00010 


(1. 4217) +0. 0001 
1, 41736 +0. 00010 
1, 41951 +0. 00010 
1, 42469 +0. 00010 


0. 00733 +0. 00010 
0. 00984 +0. 00010 


Refractive dispersion at 25°C. _-_---_-_my—no-- 


ree 0. 00733 -+-0. 00010 
Specific dispersion at 25°C (ny—Nc)/d-. 


0. 00984 --0. 00010 

















» Amount of impurity estimated to be 0.0000 +0.0006 mole fraction. 

> Determined by C. B. Willingham and F. D. Rossini. 

¢ These values were estimated from the values observed at 25° C. 

4 Determined by the gwd and Density Section of this Bureau. 

¢ Determined by L. W. Tilton of the Optical Instruments Section, of this Bureau. 


VI. PROCESS OF EXTRACTION 
1. METHOD 


The next step in the separation of the kerosene stock was to subject 
it to an efficient process of extraction with solvents to separate the 
aromatic hydrocarbons from the paraffins and naphthenes. There 
was used for this purpose a system of two solvents, methyl cyanide ° 
and Marcol, which is a commercial aromatic-free mixture of paraffins 
and naphthenes having an initial boiling point of about 230° C at 
56 mm Hg. The methyl cyanide served to separate the kerosene 
stock into a “raffinate’ portion, which consisted of a mixture of 
paraffins and naphthenes with about 2% percent of aromatic hydro- 
carbons, and an ‘“‘extract” portion, which consisted mainly of aromatic 
hydrocarbons but had an appreciable amount of paraffins and naph- 
thenes. The ‘‘extract’’ portion, including the solvent, methyl cyanide, 
was then treated with Marcol to produce an aromatic portion sub- 
stantially free from paraffins and naphthenes and an unresolved portion 
containing all three types of hydrocarbons. The unresolved portion 
was then reprocessed. 

2. APPARATUS 


The apparatus used in the extraction process is shown diagram- 
matically in figure 4. Referring to this figure, kerosene is contained 
in reservoir B and is allowed to flow at a controlled rate through 
glass valve D to the top of rotating shaft F. It then flows down the 
hollow shaft to the enlargement in the distributor J and is there 
‘ For this material, methy] cyanide appears to have about the same selectivity for aromatic h ydrocarbons 


as does sulfur dioxide. Furthermore, the methyl cyanide can be used at room temperature in apparatus 
hot closed to the atmosphere. The methyl] cyanide used was purified by distillation. 
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forced through small holes and dispersed in the form of small globules 
in the solvent contained in the column, K.° These globules fall to the 
bottom of the column and form a layer which is withdrawn intermit- 
tently through the valve, N. The solvent is contained in reservoir BR’ 
and is admitted at a controlled rate through glass valve D’, and tube 
O to the bottom of the column, The extract portion flows through 
tube J (where small globules of oil have an opportunity to settle out 
and return to the column) to a collecting bottle. 

Some details of the extractor may be added. The rate of flow of 
kerosene or solvent was adjusted by means of screws AA’ attached 
through tungsten rods CC’ to the solid ground glass stoppers which fit 
in sockets DD’. These devices have been described by Rossini and 
Glasgow [2], and a detailed drawing of them is given in figure 4 of 
their paper. The rate of flow may be computed from the number of 
drops leaving glass hemispheres HE’. The distributor, rotating in 
bearing H, was operated at a speed of 500 rpm. The enlargement in 
distributor J contains 30 holes in each of the three rows, each hole 
being 0.035 cm in diameter. Valve N is a small brass needle valve 
which is attached to the bottom of the column through copper tubing 
and through the ground and tapered brass-to-glass joint M. This 
joint is tightly sealed with soft solder [9]. The reservoirs are of 
1-liter capacity. The diameter of the column is 3 cm. Other dimen- 
sions of the column may be obtained from figure 4. 


3. PROCEDURE 


The extraction procedure is illustrated schematically in figure 5. 
Extractors 1 and 2 were operated in series. In extractor 1 partially 
extracted kerosene from extractor 2 was reextracted with fresh 
methyl cyanide and yielded kerosene raffinate fractions with values 
for the specific dispersion of about 100, which indicated the presence 
of about 2.5 percent of aromatic hydrocarbons. The methyl cyanide 
extract from extractor 1 was used as solvent in extractor 2 with the 
original kerosene. In extractor 3 the methyl cyanide extract was 
reextracted with Marcol and yielded a methyl cyanide extract sub- 
stantially free from naphthenes and paraffins. The Marcol, how- 
ever, dissolved some aromatic hydrocarbons in addition to the napb- 
thene and paraffin hydrocarbons, so that it was necessary to separate 
these kerosene hydrocarbons from the Marcol by distillation and 
recycle them as shown in figure 5. 

The rate of flow of methyl cyanide was from 3 to 4 ml per minute; 
of kerosene from 0.6 to 0.9 ml per minute; and of Marcol about 
0.4 ml per minute. Beginning at the low end of the boiling range, 
charges of kerosene distillation fractions covering a range of 1° C 
(except for the dodecane mother liquors which covered a 6° C range) 


¢In preliminary experiments, kerosene was allowed to flow through an auxiliary tube into an open rotating 
basket. We are indebted to C. B. Willingham for suggesting the use of a hollow shaft. 








aa Hydrocarbons from Kerosene 403 
were fed successively to the extractors. The extract and raffinate 
fractions were collected according to the boiling range of the charge 
from which they came, although, owing to the “hold-up” of the 
columns, @ precise demarcation of material from successive charges 
was not possible. 
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Fiaure 5.—Schematic diagram of the extraction process. 
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It will be seen that as a result of this process there were obtained 
from the extractors the following three fractions: 

1. A raffinate portion from extractor 1 which contained naphthenes 
and paraffins with about 2.5 percent of aromatic hydrocarbons and 
a small quantity of methyl cyanide. 

2. An extract portion from extractor 3 which contained the greater 
part of the methyl cyanide and the aromatic hydrocarbons, with 
substantially no naphthenes or paraffins. In addition, this portion 
contained a small quantity of Marcol. 
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3. An unresolved portion which contained the Marcol and th 
naphthenes and paraffins and aromatics from extractor 3. This 
portion contained also a small amount of methyl cyanide. ; 

Three stills with rectifying sections 90 cm long packed with stgip. 
less steel helices were used in the further treatment of these fractions 
Fraction 1 (the raffinate portion) was refluxed in one of these stills 
at 56 mm Hg and the small amount of methyl cyanide which it eo». 
tained was caught in a trap maintained at the temperature of soli 
carbon dioxide. After cooling the fraction, it was siphoned from the 
still pot. The greater part of the methyl cyanide was removed 
from fraction 2 by distillation at atmospheric pressure and the las 
traces at 56 mm Hg, as with fraction 1. The aromatic material 
was then distilled at 56 mm Hg and the small amount of Marco] 
remained in the still pot. The small amount of methyl cyanide was 
removed from fraction 3 in a manner similar to that employed for 
fraction 1 and the kerosene portion (aromatics, naphthenes and 
paraffins) was separated from the Marcol by distillation and recycled, 
as shown in figure 5. 


VII. ADSORPTION WITH SILICA GEL AND 
REEXTRACTION 


The raffinate fractions still contained about 2% percent of aro- 
matic hydrocarbons. To remove these aromatic hydrocarbons, ad- 
sorption with silica gel, followed by extraction of the gel-retained 
portion with methyl cyanide and Marcol, was used. 

In the treatment with silica gel, Pyrex tubes 4 cm in diameter, 
each of which contained 500 g of gel, were used. From 2-liter charges 
of raffinate, approximately 1,700 ml of filtrate was obtained and 
about 300 ml of oil remained on the gel. (Greater quantities of gel, 
or smaller charges, were occasionally used where it was evident that 
the raffinate fractions contained a greater percentage of aromatic 
hydrocarbons. than normal.) The gel and the adsorbed oil were 
flushed with water from the filtering tube into a 5-liter, round-bot- 
tomed flask, and the oil was separated from the gel by steam distilla- 
tion. The filtrate, which was now free from aromatic hydrocarbons, 
was then stored. The material recovered from the gel contained 
about 20 percent of aromatic hydrocarbons, and was separated as 
before, by extraction with methyl cyanide and Marcol, into a raffinate 
portion and a portion consisting substantially of aromatic hydro- 
carbons. ‘This raffinate, of much smaller volume than the original, 
was further separated by adsorption into a filtrate and an adsorbed 
portion, and the adsorbed portion again separated by extraction into 
a raffinate and an aromatic portion. This process was repeated until 
all the oil was resolved into filtrate fractions consisting of naphthenes 
plus paraffins and extract fractions consisting substantially of aromatic 
hydrocarbons. 

In the first filtration of raffinate through silica gel, a sufficient 
quantity of material was available to prepare charges and store 
filtrate fractions with distillation ranges of only one or two degrees. 
However, in the subsequent resolution of the adsorbed material into 
fractions consisting of naphthenes plus paraffins and fractions col 
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sisting of aromatic hydrocarbons, the material was treated in two 
ranges: one distilling from 114° to 134° C, the other from 134° to 


144° C. 
VIII. SYSTEMATIC DISTILLATION OF THE AROMATIC 
MATERIAL 


The aromatic material obtained from the process of extraction with 
solvents was systematically distilled at a pressure of 56 mm Hg in a 
column which had a rectifying section 2.5 by 280 cm and a separating 
eficiency corresponding to about 100 theoretical plates [10]. The 
reflux ratio was about 30 to 1, and the distillate was removed at the 
rate of about 0.2 ml per minute and collected in fractions of 50 ml. 

Figure 6 gives the distribution of the aromatic material by volume 
vith respect to the boiling point at a pressure of 56 mm Hg. Of the 
several pronounced peaks which may be observed in the volume 
urve in figure 6, attention is particularly directed to those occurring at 
197.0° to 127.5° C, 145.0° to 146.5° C, and 148.5° to 149.0° C, from 
which material naphthalene, 2-methylnaphthalene, and 1-methyl- 
naphthalene, respectively, were isolated later. 


IX. ISOLATION OF NAPHTHALENE 


During the distillation of the aromatic material which was separated 
rom the original petroleum distillate boiling at 118° to 120° C, 
rystals formed in the condenser of the distilling column and in the 
tubes leading to the receiver. The boiling point of this material was 
near that to be expected for naphthalene at 56 mm Hg; namely, about 
127° C. The undistilled residue from this charge had a volume of 
ibout 400 ml, it crystallized to a solid mass at room temperature, and 
bviously was rich in naphthalene. Additional residues of 144 and 
100 ml of substantially the same material were obtained from the 
distillation of the aromatic material separated from the original 
petroleum distillate boiling at 120° to 121° C, and at 121° and 123° C. 
hese residues, rich in naphthalene, are represented by the shaded 

lock at the temperature 127.0° to 127.5° C in figure 6. 

It is apparent that the bulk of the naphthalene is found in those 
ractions of the original petroleum distillate which, at 56 mm Hg, 
listil at about 120° C, that is, 7° C below the boiling point of pure 
aphthalene at this pressure. For the alkylbenzenes occurring in this 
egion, no marked displacement of boiling point was observed, though 
1 small displacement of one or two degrees may exist. This difference 
n behavior of alkylbenzenes and naphthalene helps to explain the 
ighly concentrated naphthalene residues which were obtained by 
listillation alone. That is, the aromatic material separated from the 
rginal petroleum distillate boiling at 118° to 120° C contained alky]- 
benzenes boiling at about 119° to 122° C and naphthalene boiling at 
27° C. The naphthalene may readily be separated by distillation 
tom the mononuclear aromatics associated with it. As shown in 

ure 6, the additional aromatic material which was found to distil 
i the neighborhood of 127° C came principally from kerosene which 
istilled at or slightly above this temperature, and its refractive index, 
d=1.50 to 1.51, indicated that this was substantially mononuclear 
bromatic material. 
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The naphthalene was purified by systematic crystallization from 
ethyl alcohol. ‘The residues rich in naphthalene were dissolved in a 
minimum of hot alcohol, the solution was cooled to about 10° C, and 
the crystals were removed by filtration with suction. Second crops 
of crystals were obtained by distilling off a portion of the alcohol in 
, fractionating column and again cooling and filtering with suction. 
The original naphthalene residues from the still pot were highly colored, 
aud this color was used as a basis for blending fractions and for follow- 
ing the process of purification. Oil was recovered from the final 
alcoholic solution of mother liquors by distilling off the greater part 
of the alcohol, then diluting the solution with water and separating 
the oil phase. Before determining the freezing point, the naphthalene 
was first distilled at 56 mm Hg to remove all traces of solvent. The 
volumes, percentages of impurities, and certain physical properties of 
the various lots of crude naphthalene are recorded in table 3. As is 
evident from the low refractive index, the recovered oil contained little 
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Fiacure 7.—Time-temperature cooling curve for naphthalene. 


88 denotes the time at which the stirrer stopped. The scale of ordinates gives the temperature in °C. 
The scale of abeclones gives the time in minutes. 


naphthalene. The percentage of the total distillate, 114° to 144° 
C at 56 mm Hg, constituted by the volume of naphthalene actually 
isolated, is recorded in table 9. 
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TaBLE 3.—Volumes and properties of - — lots of crude naphthalene actually 
isolate 





Refractive index at Freezing 


Amount of 
Volume point in 
85° C air impurity ® 











ml No Cc Mole fraction 
395 1, 5898 0.0006 +0. 
k . 1, 5749 




















* Amount of liquid-soluble, solid-insoluble impurity, calculated from the lowering of the freezing point, 
using 80,27° C (see table 4) for the freezing point of pure naphthalene and 4,610 cal/mole as its heat of fusion 
5). The freezing point of a given lot was taken to be the highest temperature observed with crystals present. 
temperature was attained for lot 1 about 1 minute from the start of supercooling. This would corre- 
pond to about 1.5 percent of the material frozen. 


The time-temperature cooling curve of the best lot of naphthalene 
(lot 1 in table 3) is shown in figure 7, which gives an initial freezing 
pomt of 80.24° C. On the basis of this curve, the amount of impurity 
in this best lot of naphthalene was estimated [6] to be 0.0006 +0.0004 
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mole fraction, and the freezing point of pure naphthalene was eg; 
mated to be 80.27° C. A recrystallization of this best lot from aleohg| 
followed by a distillation at 56 mm Hg, failed to improve the purity 
the freezing point of the material being unchanged within the exper 
mental error (actually lower by 0.003° C). 

The properties of the best naphthalene from petroleum are giyey jp 
table 4, together with values of other investigators. 


TaBLE 4.—Properties of naphthalene 





Material 


From peiroleum, Mair and Streiff | 





(A) Actual “‘best’’ 
lot ® 


| and 
(B) Extrapolated Frubling 
toa purity of | {11 
100 percent | 
| 





+e : 760 mm 
Boiling point at {7m 78 mm.. 
Freezing point in air 
Density at 85° C__- : 
Refractive index at 85° C 


Refractive dispersion at 85° C_-__-- - 


Specific dispersion at 85° C 


(nr—nc)/d 


6217.96 +0. 03 
6128. 51 +0. 10 
80. 24 +0. 01 
0.9752 +0. 0002 
1, 5898 —+0. 0002 
0.0289 +0. 0002 
0.0297 +0. 0002 


217.96 +0.03 | 

128.51 +0.10 | 

380.27 +0. 02 

0. 9752 +0. 0002 | °(0, 9733) 
1. 5898 +0. 0002 | ¢(1, 54) 
0.0289 +0. 0002 |__ 








0.0297 =0. 0002 | 





* Amount of impurity estimated to be 0. 0006 +0. 0004 mole fraction. 

» Determined by C. B. Willingham and F. D. Rossini. 

¢ Computed from the values 0. 9641 and 1. 5827 observed at 99. 6° C for the density and refractive index 
respectively. 


X. ISOLATION OF THE TWO METHYLNAPHTHALENES 
1. PRELIMINARY OBSERVATIONS 





In figure 6, which shows the distribution of volume with respect t 
boiling range, attention is directed to the two peaks at 145.0° to 146.5 
C and 148.5° to 149.0° C. A considerable number of the distillatd 
fractions in the region from 145.0° to 146.5° C were solid at roon 
temperature, and a few, boiling at 146.4° C, had freezing points of 


31° to 32° C and refractive indices, nf?=1.601. Judging from thes 
properties, this material was principally 2-methylnaphthalene. 
the boiling point of the fractions increased from 146.4° to 148.3° C 
the freezing point decreased to —47° C; then as the boiling point 
increased from 148.3° to 148.9° C, the freezing point increased, and a 
distillate fraction with freezing point equal to —31.9° C and nj= 
1.6142 was obtained. This fraction was obviously rich in 1-methyl 
naphthalene. 

As with naphthalene, the 1- and 2-methylnaphthalenes wer 
obtained from fractions of the original petroleum distillate boiling 
approximately 6° or 7° C below the boiling points of the respective 
methylnaphthalenes. The boiling point ranges of the material from 
which these two hydrocarbons were obtained overlapped, and it W 
principally from charges of aromatic material extracted from thé 
original kerosene boiling in the range 139° to 140° C that aromati 
distillate fractions solid at room temperature and very concentrated 
in 2-methylnaphthalene were obtained. Charges of aromatic matema 
extracted from the original kerosene boiling at 141° to 144° C yielded 
some fractions which distilled at about 146.5° C, and contained, 1 
addition to 2-methylnaphthalene, a considerable amount of 1-methy! 
naphthalene. These fractions were not solid at room temperature 
Higher-boiling fractions from these same charges were of course riche 
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injemethylnaphthalene. Before proceeding with the isolation of these 
compounds by fractional crystallization, some of the material was 
concentrated further by a second distillation. All fractions which 
jistilled from 142° to 146° C and had freezing points below 22° C 
were combined for one distillation. An additional volume of material 
rich in 2-methylnaphthalene was thus obtained. The residue from 
ihis distillation, together with all fractions which distilled from 146° to 
148.5° C and which had freezing points below 22° C, were combined 
fr a second distillation. This second distillation yielded fractions in 
the region from 146° to 146.5° C which were rich in 2-methylnaphtha- 
lene, and fractions in the region from 148.5° to 149.0° C with freezing 
points which indicated they were on the 1-methylnaphthalene side of 
the eutectic of 2-methylnaphthalene and 1-methylnaphthalene, 


2. ISOLATION OF 2-METHYLNAPHTHALENE 


The 2-methylnaphthalene was isolated by systematic crystallization, 
using an equal volume of ethyl alcohol as solvent and centrifuging the 
crystals. ‘The freezing point of the fractions served as a basis for 
mixing various fractions for crystallization and for following the 
process of purification. The fractions were refluxed at 56 mm Hg to 
remove solvent before determining their physical properties. The 
volumes, certain physical properties, and the amounts of impurities 
of the various lots of crude 2-methylnaphthalene actually isolated are 
shown in table 5. The percentage of the total distillate, 114° to 144° 
( at 56 mm Hg, constituted by the 2-methylnaphthalene actually 
isolated, is recorded in table 9. 


TasLE 5.—Volumes and properties of the various lots of 2-methylnaphthalene 
actually isolated 





Refractive | Freezing 
Volume | index at point in 
40° C air 


Amount of 
impurity + 





ml ND *¢ Mole fraction 
POs. es ee ee ce a ee ee ee eee 962 1.6015 33. 81 
2. Crystal IT 470 1, 5988 31. 25 
3. Mother liquors 535 1. 5566 —24 

















*Amount of liquid-soluble, solid-insoluble impurity, calculated from the lowering of the freezing point, 
using 34.44° C (see table 6) for the freezing point of pure 2-methylnaphthalene and 2,850 cal/mole as its heat 
of fusion [5]. The freezing point of a given lot was taken to be the highest temperature observed with 
crystals present. This temperature was attained at about 5 minutes from the start of supercooling. This 
would correspond to about 7 percent of the material frozen. 


To obtain a best lot of 2-methylnaphthalene, some of the material 
described as lot 1 in table 5 was recrystallized twice from an equal 
volume of ethyl alcohol and the cepaale were separated by centrifug- 
ing. After removal of the solvent, the “crystal” portion of this mate- 
nal had an initial freezing point of 34.415° C. The process of purifi- 
cation was repeated on this last portion, and a best lot was obtained 
which had an initial freezing point of 34.437° C. The time-tempera- 
ture cooling curve of the best lot is shown in figure 8. On the basis 
of this curve, the amount of impurity in the best lot of 2-methyl- 
naphthalene was estimated [6] to be 0.0000 +0.0003 mole fraction. 
The properties of the best 2-methylnaphthalene from petroleum are 
given in table 6, together with values of other investigators, 
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TABLE 6.—Properties of 2-methylnaphthalene 


[Vol. 2; 





Material 


From petroleum, Mair and Streiff 





(A) Actual ‘‘best’’ 
lot ® 


(B) Extrapolated 
to a purity of 
100 percent 





760 mm 
Boiling point att 8 mm... 


Freezing point in air____-__- 
Density at 40° C__..__- 


Re... 
Refractive index at 40 “cfs = 


Ny 
Refractive dispersion at 40° C_- 
Specific dispersion at 40° C 


_(Ny—Nc¢)/d- 





b 241.14 +0. 05 
b 148.07 +0. 05 
34.44 +0. 01 


“| ©0. 99045 +0. 00002 
-| 41, 59407 +0. 00010 


41, 60192 +0. 00010 


.| 41. 62306 +0. 00010 


40, 02899 +0. 00010 
0. 02927 +0. 00010 





241.14 +0. 05 


0. f , 

1. 59407 +0. 00010 
1.60192 +0. 00010 
1, 62306 +0. 00010 
0.02899 +0. 00010 
0.02927 +0. 00010 











* Amount of impurity estimated to be 0.0000 +0. 0003 mole fraction. 

b Determined by C. B. Willingham and F. D. Rossini. 

¢ Determined by the Capacity and Density Section of this Bureau. 

4 Determined by L. W. Tilton of the Optical Instrument Section, of this Bureau. 
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FiaurE 8.—Time-temperature cooling curve for 2-methylnaphthalene. 


8S denotes the time at which the stirrer stopped. The scale of ordinates gives the temperature in °C, 
The scale of abscissas gives the time in minutes. 


3. ISOLATION OF 1-METHYLNAPHTHALENE 


For the isolation of 1-methylnaphthalene, all fractions on the 
1-methylnaphthalene side of the eutectic of 1-methyl- and 2-methy! 
naphthalene were used, together with two distillation residues which, 
judging from their lower refractive indices, nf?=1.594 and 1.608, 
contained some mononuclear aromatics as impurities. This material 
was crystallized from alcohol and centrifuged in a manner similar to 
that employed with 2-methylnaphthalene. The volumes of the 
fractions obtained, percentages of impurities, and certain physical 
properties of the various lots of 1-methylnaphthalene are recorded in 
table 7. The percentage of the total distillate, 114° to 144° C at ii 
mm Hg, constituted by the volume of 1-methylnaphthalene actually 
isolated, is recorded in table 9. 


TaBLe 7.—Volumes and properties of the various lots of 1-methylnaphthalene 
actually isolated 





Refractive | Freezing 
index a point in 
25° OC. air 


Amount of 


Volume impurity s 


°C Mole fraction 
—31. 02 |0, 004820.001! 





m No 
90 1, 6146 
100 1, 6131 —33. 5 
135 1, 6113 —36.5 
230 1, 6016 —43, 

















® Amount of liquid-soluble, solid-insoluble impurity, calculated from the lowering of the freezing point, 
using —30.77° ©. (see table 8) as the freezing point of pure 1-methylnaphthalene and 2,250 cal/mole as its heat 
of fusion. This latter value was estimated by assuming the entropy of crystallization of 1-methylnaph- 
thalene to be the same as that for 2-methylnaphthalene. The freezing point of a given lot was taken to be 
the highest temperature observed with tals present. This temperature was attained at about 5 to’ 
minutes from the start of supercooling. This would correspond to about 6 to 10 percent of the materi! 
frozen. 
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To obtain a best lot of 1-methylnaphthalene, the material labelled 
as lot 1 in table 7 was recrystallized twice from alcohol. The time- 
temperature freezing curve for the best 1-methylnaphthalene is shown 
in figure 9. On the basis of this curve, the amount of impurity in this 
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FigurRE 9.—Time-lemperature cooling curve for 1-methylnaphthalene. 


88 denotes the time at which the stirrer stopped. The scale of ordinates gives the temperature in ° C. 
The scale of abscissas gives the time in minutes. 


best lot of 1-methylnaphthalene was estimated [6] to be 0.0025 +0.0011 
mole fraction, and the freezing point of pure 1-methylnaphthalene 
was estimated to be —30.77 +0.06° C. 

The properties of the best 1-methynaphthalene from petroleum are 
given in table 8, together with values previously determined for this 


substance. 
TABLE 8.—Properties of 1-methylnaphthalene 








From petroleum, Mair and Streiff 





Auwers and 
Fruhling 
[11] 


Material (B) Extrapolated 


to a purity of 100 


(A) Actual “best’’ 
lot percent 





244.78 +0. 10 
151.3 +0. 2 


60 m >..| ¢ 244.78 +0. 10 


Boiling point at (rr mm © 151.3 40.2 

Freezing point in air 

Density *® at{2o at 

20° C 

Refractive index ® at > - rhea 
25° C 

Refractive dispersion at 25° C _- 


Specific dispersion at 25° O__.(ny—nc)/d_- 





—30. 90 +0. 01 


-| (1.0200) =£0. 0002 


1.0163 +0. 0001 
(1.6175) +0. 0002 


-| 41, 60677 4-0. 00010 


41, 61494 +0. 00010 


-| 41. 63672 +0. 00010 


0.02995 -+0. 00010 
0.02947 =+-0. 00010 





—30.77 +0. 06 
(1.0200) +0. 0002 
1.0163 -0. 0001 
(1. 6175) +0. 0002 
1, 60677 +0. 90010 
1. 61494 +0. 90010 
1, 63672 +0. 00010 


0.02995 +0. 00010 |... ._.- 
0.02947 =-0. 00010 |_._. 











(1. 0201) 
(1. 016) 
(1. 6180) 


~~” (0. 0300) 
(0. 9295) 


* Values in parentheses were obtained by extrapolation, using for dn»/dt and d D/dt the values 0.00041 and 
a respectively. In the case of the data of Auwers and Fruhling, the extrapolation was made from 


*Amount of impurity (Grommably ty ag estimated to be 0.0025 +0.0011 mole fraction. 


*Determined by C. B. 


illingham and F. D. Rossini. 


4 Determined by L. W. Tilton of the Optical Instruments Section, of this Bureau. 


XI. SUMMARY OF AMOUNTS OF MATERIAL PROCESSED, 
LOSSES DUE TO PROCESSING, AND AMOUNTS OF 
HYDROCARBONS ISOLATED 


In table 9 there is given a summary of the material processed, the 


losses due to processing, the amounts of the hydrocarbons actually 
isolated, and estimates of the total amounts of these hydrocarbons 
in the petroleum. Columns 1, 2, and 3 identify the material processed 
and give the volume. 
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Column 4 gives the fractionating process to which the material was 
subjected. Columns 5 and 6 give the name and volume of the prod- 
ucts of the fractionating process. Columns 7 and 8 give the volume 
and percentage of the material lost in the given fractionating process. 
Column 9 gives the amount of the given hydrocarbon actually iso- 
lated, in percentage, based on the original distillate 114° to 144° C 
at 56 mm Hg as 100 percent. There are included in the values given 
in column 9 only those materials listed in tables 1, 3, 5, and 7 which 
had a purity better than 0.90 mole fraction. Column 10 gives an esti- 
mate of the amount of the given hydrocarbon not yet isolated, includ- 
ing material remaining in the mother liquors and in some of the distil- 
lation fractions which were not rich enough in the given hydrocarbon 
to erystallize profitably. Column 11 gives an estimate of the total 
amount of the given hydrocarbon in the petroleum, based on the orig- 
inal distillate, 114° to 144° C at 56 mm Hg, as 100 percent. The 
values given in columns 9, 10, and 11 were calculated in the following 
way. The volume of the original distillate, 130.06 liters, was taken 
as 100 percent at the start. The losses occurring in each process of 
fractionation were charged equally on a fractional basis to the products 
obtained from the given process. The losses were carried throughout 
in this cumulative way, so that at any given time the total volume of 
all the material on hand, including hydrocarbons isolated, remained 
100 percent. In this way, the total material actually on hand, regard- 
less of the losses which occurred, represented the original distillate, 
114° to 144° C at 56 mm Hg. 


XII. REVIEW OF EARLIER INVESTIGATIONS 


Several earlier investigators established the presence in petroleum 
of the hydrocarbons whose isolation is described in the present paper. 
In some cases, these previous workers isolated the hydrocarbons by 
chemical means, but none obtained material of high purity by purely 
physical methods of separation, such as those used in the present work. 

Shepard, Henne, and Midgley [7] prepared pure n-dodecane from a 
special fraction of petroleum extraordinarily high in normal paraffin 
hydrocarbons, by distillation, chemical treatment with chlorosulfonic 
acid, and redistillation. 

Mabery and Hudson [13] found some Californian petroleums so 
rich in aromatic hydrocarbons that distillate fractions of the range 
220° to 222° C at atmospheric pressure solidified on cooling to room 
temperature, because of the high concentration of naphthalene. 

Jones and Wootton [14] established the presence in a Borneo petro- 
leum of naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene. 
The fractions distilling above 210° C at atmospheric pressure were 
treated with picric acid to obtain picrates. These picrates were 
separated and the hydrocarbon material was regenerated and recovered 
by steam distillation. The recovered hydrocarbon material was dis- 
tilled, and naphthalene and the two methylnaphthalenes were recog- 
nized in the distillate fractions. 

Birch and Norris [15] obtained naphthalene and 2-methylnaphtha- 
lene from a Persian petroleum. They used as a starting material the 
sulfur dioxide extract of the kerosene fraction, treated this with picric 
acid, separated the picrates, and regenerated and fractionally distilled 
the hydrocarbon material. Crystalline naphthalene separated from 
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the fractions boiling at 215° to 230° C, and 2-methylnaphthalene wa; 
obtained from the fractions distilling at 237° to 245° C by cooling to 
—21°C. Both of these hydrocarbons were purified by crystallization 
from alcohol. Their attempts to separate the picrate of 1-methy). 
naphthalene were not successful. ‘ 

Tasaki and Yamamoto [16] likewise obtained naphthalene and 9. 
methylnaphthalene. They steam-distilled the sulfuric acid sludge from 
a Shukkoko kerosene, and fractionally distilled the oil obtained. Qp 
cooling the fractions, naphthalene and 2-methylnaphthalene crystal. 
lized from some of them. 

Cosciug [17], using the picric acid method with a Rumanian pe. 
troleum, obtained picrates which he identified as those of naphtha. 
lene and 2-methylnaphthalene. By fractional crystallization of the 
picrates from ethyl] alcohol, followed by distillation of the regenerated 
hydrocarbons, he was able to obtain pure 2-methylnaphthalene but 
not pure 1-methylnaphthalene. 
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CONCERNING THE EXISTENCE OF FRACTIONS OF THE 
SERICIN IN RAW SILK 


By Henry A. Rutherford and Milton Harris ? 


ABSTRACT 


The question of the possible existence of several fractions of the sericin of raw 
silk has been investigated. The relative yields of sericins A and B, obtained 
after treatment of silk in an autoclave, were found to be dependent on the dura- 
tion of the treatment. Practically all of the sericin removed in the early stages 
of autoclaving was in the form generally designated as sericin B. On continuing 
the treatment, this fraction was rapidly converted into the more soluble form, 
sericin A. Analyses of the fractions obtained after autoclaving the silk for dif- 
ferent lengths of time showed that the alleged sericins A and B are not definite 
chemical entities, but are substances whose chemical compositions vary with the 
duration of the autoclave treatment. The results of the investigation show that 
the sericin fractions are artifacts, which result from the hydrolytic decomposition 
of the naturally occurring sericin during its removal from the fiber. 


CONTENTS 
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1. Materials and methods 
2. Preparation of sericin solutions - _- 
3. Fractionation of the sericin pee. ae 
4. Designation of the sericin fractions__________________- Lees Besos 
Ill,. Results, and’. Giscuesion.. ... .... .-- enna e.- 
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I. INTRODUCTION 


Raw silk fibers consist of at least two proteins, silk fibroin and silk 
sericin. The latter forms a coating over the fibroin and constitutes 
15 to 30 percent of the total weight of the raw fiber. Removal of 
sericin from fibroin is based on the solubility of the former in hot 
aqueous solutions. The solubility increases considerably in the more 
alkaline or acid solutions. 

_A variety of concepts relative to the nature of sericin and the frac- 
tions obtained from it have appeared in the literature. In 1784 one 
of the first published records on the removal of sericin from silk by 
the use of alkaline solutions appeared [1], A number of similar 
investigations followed until Cramer [2], in 1865, expanded the scope 
of the investigations and obtained several proteins by fractionation of 
fee Associates at the National Bureau of Standards, representing the Textile Foundation, Inc. 
ts in brackets indicate literature references at the end of this paper. 
218089404 415 
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a solution of sericin. He suggested that these fractions were decom. 
position products of the naturally occurring material. Following 
his findings, Wetzel [3], Bondi [4], Fischer and Skita [5], and Anderliy; 
[6], studied the removal of sericin from silk and concluded that sericiy 
in raw silk exists in more than one modification, although good experi. 
mental evidence to substantiate such a conclusion was lacking. |) 
the above-mentioned investigations, different procedures for the 
preparation of the sericin solutions were employed, and little analytica| 
work was done to characterize the protein fractions which were 
obtained. As a consequence, widely different results were reported 
by the different investigators. For example, Bondi found two frac. 
tions in a solution of sericin obtained by boiling silk in water, while 
Anderlini was able to separate three fractions after a prolonged 
extraction of raw silk with water at 50° to 60° C. 

More recently, Shelton and Johnson [7] isolated two fractions from 
sericin solutions which had been obtained by autoclaving raw silk in 
water at temperatures of about 115° C. They concluded that ray 
silk sericin contains at least two proteins, one of which is soluble and 
the other insoluble in cold water. Subsequent investigators, using 
the autoclave to remove the sericin, appeared to substantiate these 
findings, and also attempted to define the properties of the isolated 
fractions. Mosher [8] stated that both fractions are very much alike 
chemically but possess different physical properties, especially with 
respect to solubility. He further noted that the insoluble fraction 
was converted into a soluble one by boiling in aqueous solution, the 
conversion being greatly accelerated by increasing the acidity, 
alkalinity, or temperature of the solutions. Although he concluded 
that sericin is composed of three distinct fractions, his results could be 
interpreted to mean that sericin does not exist as a mixture of proteins 
in raw silk, and that these fractions are decomposition products 
formed during the process of removal of the sericin from the fibers. 

In contrast to some of the conclusions of Mosher, Kaneko [9], and 
Ito and Komori [10] found the different sericin fractions to be different 
chemically. Their results were based on determinations of the nitn- 
gen distribution and the tyrosine contents of the isolated fractions. 
However, disagreements are found even between the data of these 
investigators. For example, Kaneko found that the soluble fraction is 
especially rich in arginine nitrogen, whereas Ito and Komori found a 
greater proportion of this nitrogen in the insoluble portion. 

From consideration of the previous investigations, it became evident 
that no satisfactory conclusion concerning the existence of several 
fractions of the sericin of raw silk could be reached. In the present 
investigation an attempt was made to throw further light on the ques- 
tion by making a more extensive study of sericin and of the fractions 
obtained from it. 


II. EXPERIMENTAL PROCEDURE 
1. MATERIALS AND METHODS 


Samples of white Japanese silk which had received no previous 
treatment other than that used in the reeling process were used in this 
work. The naturally occurring waxes were removed by cold extrac: 
tions for 24 hours each with alcohol and ether. Analyses of the de- 
waxed fiber gave the values shown in table 1. The data for sericil 
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were calculated from the analytical data for the dewaxed silk and 
sbroin and from the determined sericin content. 

Total nitrogen was determined by the microKjeldahl method, and 
tyrosine by Lugg’s method [11], after an alkaline hydrolysis. The 
amino-nitrogen content of the fibrous and of the insoluble proteins was 
determined by the method of Rutherford, Harris, and Smith [12]. 
The method of Van Slyke [13] was used for the determination of the 
amino-nitrogen content of sericin solutions. Carbohydrate and 
amino sugars were estimated by the methods outlined by Sgrensen 
(14, 15]. 

Taste 1.—Total and amino-nitrogen, tyrosine, carbohydrate, and amino-sugar 
contents of the dewaxed silk, fibroin and sericin used in the present investigation 


The data for sericin were calculated from the analytical data on dewaxed silk and fibroin and from 
the determined sericin content. 





—_—_— 


Carbohydrate Amino sugars Sericin 


(as glucos- 
(as glucose) amine) 


Total Amino 


nitrogen | nitrogen Tyrosine 


Material 





% % 
/ 70 0 
Dewaxed silk. ........-... ; 0.14 10. 
Fibroin : a x i8. . 09 12. 
Sericin . 92 . 30 6. 























; Determined by method of Rutherford, Harris, and Smith [12]. 
2. PREPARATION OF SERICIN SOLUTIONS 


Most of the sericin solutions used in this work were prepared by an 
autoclaving method similar to that described by other investigators 


(7,8, 10]. The raw silk was placed in a beaker of water at about 100° C 
in the autoclave, the ratio of fiber to water being 1 to 50. Steam was 
passed into the autoclave until a temperature of 114° to 115° C was 
reached. Approximately 5 minutes was oh for this operation. 


The temperature was then maintained by addition of more steam for 
the duration of the treatment. The silk was removed from the solu- 
tion, squeezed, and immediately rinsed in one 500-ml portion of water 
at 90° C. As much liquid as possible was squeezed from the silk and 
combined with the rinse solution and the solution obtained after 
autoclaving. The combined solutions were then rapidly cooled to 
room temperature in a water bath. 


3. FRACTIONATION OF THE SERICIN 


In earlier work, the fractionation of the sericin in solution was ac- 
complished by the use of alcohol or ammonium sulfate, but in more 
recent work, most investigators have preferred to use different buffer 
solutions. It was found necessary, however, to redetermine the pH 
for maximum precipitation as the values reported in the literature 
8, 10] vary from pH 3.6 to 4.1. A preliminary experiment was 
made on a solution of sericin, prepared by a 30-minute treatment in 
the autoclave. The solution was brought to room temperature and 
aliquots of it were immediately adjusted to definite pH values in the 
range from 3.5 to 4.3 with acetate buffers of constant ionic strength 
(0.02 M). After 15 hours, the precipitated protein was centrifuged 
off, and the total nitrogen content (a measure of the protein remain- 
ing in solution) and the pH of the supernatant liquid were determined. 
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A considerable portion of the protein was precipitated in the pq 

range used, but maximum precipitation appeared to occur at pH 49 

In all subsequent fractionation experiments, the solutions were ad. 

justed to this pH and allowed to remain in a refrigerator overnight 
efore removal of the insoluble protein. 

The fraction which is insoluble at pH 4 was separated from the 
remainder of the solution with a centrifuge. The precipitate was 
thoroughly washed with fresh portions of the acetate buffer, then 
with alcohol and with ether, and finally dried for 4 hours in a vacuum 
oven at 50° C. 

The acetate washings were added to the solution remaining afte 
centrifuging, and the whole was evaporated to a small volume by 
passing a stream of air over it at room temperature. The protein 
in the concentrate was precipitated by addition of the solution to g 
sufficient volume of alcohol (95 percent) at about 0° C, to make the 
final concentration of alcohol 75 percent. The precipitate was 
separated from the solution with a centrifuge, washed with alcohol 
and with ether, and dried in the vacuum oven for 4 hours at 50° (, 

The solution remaining after the separation of the protein which 
was insoluble in 75-percent alcohol was combined with the alcohol 
and ether washings from both sericin fractions, evaporated to dry- 
ness on the steam bath, and the weight of the residue determined, 
The solid material was dissolved in a small amount of water, the so- 
lution diluted to 25 ml, and suitable aliquots were taken for nitrogen, 
tyrosine, and carbohydrate determinations. 


4. DESIGNATION OF THE SERICIN FRACTIONS 


The authors do not intend to perpetuate, in future papers, the use 
of the following terms for the designations of the sericin fractions. 
These terms, which were adopted by previous investigators, are used 
in this paper merely for convenience and to avoid further confusion. 
Sericin B is the fraction of the protein which is insoluble at pH 4. 
The fraction which is soluble at pH 4 but insoluble in a 75-percent 
solution of alcohol is called sericin A. In the present investigation, 
a small fraction soluble in a 75-percent solution of alcohol was also 
found. For convenience, this material is referred to as sericin D, 
although in a series arranged in descending order with regard to 
solubility, it should precede sericin A. The existence of another 
fraction, sericin C, has been reported and described by Mosher [8] 
as extremely insoluble. 


III. RESULTS AND DISCUSSION 


The effects on dewaxed silk of varying the duration of the autoclave 
treatment are shown in table 2 and figure 1. About 80 percent of the 
total sericin of the silk is removed in as little time as 20 minutes; 

ractically complete removal is accomplished in approximately 1 hour. 

he yields of sericins A and B are seen to vary considerably with the 
duration of autoclaving. Of the total sericin removed during treat- 
ment of dewaxed silk for 5 minutes, more than 97 percent was in the 
form of sericin B. The yield of this fraction decreased, however, 85 
the duration of the autoclave treatment was increased until, after 3 
hours, only 18.7 percent of the total sericin was recovered in this 
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form. On the other hand, the very low yield of 2.7 percent of sericin 
A, obtained during the 5-minute treatment, was increased to 77.4 
percent by 3 hours in the autoclave. Only a small amount of sericin D 
was present. As is shown in the last column, practically all of the 
sericin in solution was accounted for. 
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Figure 1.—Effect of duration of autoclaving on the yields of sericins A and B, 
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TaBLe 2.—Effect of duration of autoclaving on the yields of sericin A, B, and D 
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The data clearly show that sericin A is a decomposition product of 
the naturally occurring sericin, and is formed during the autoclave 
treatment. If, however, fraction A were present in the native raw 
silk, it would be expected that it would be more rapidly removed, 
because of its high solubility. Actually, the sericin samples obtained 
in the shortest times of autoclaving (5 to 20 minutes) were practically 
entirely in the form of sericin B. 

Further evidence supporting the conclusion that the fractions of 
sericin result from decomposition produced during autoclaving of the 
fibers is found in the analytical data of the different fractions, as shown 
in table 3. The data show that sericins A and B as obtained under these 
conditions are not definite chemical entities but are substances whose 
chemical compositions vary with the length of the autoclave treatment. 
A comparison of these data with the calculated total and amino 
nitrogen, and tyrosine contents of sericin in dewaxed silk (table 1) 
indicates that the sericin B fraction, obtained from silk during auto- 
claving for only 5 minutes, i3 probably very similar to the undegraded 
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sericin. This similarity and the fact that more than 97 percent of the 
sericin removed in this time is sericin B strongly suggest that all of the 
sericin in raw silk is present in one form. 


TABLE 3.——Nitrogen and tyrosine contents of the sericin fractions obtained from 
dewaxed silk during autoclaving for different lengths of time at 115°C 


Duration of $s _ —--- - csi, 


autoclaving ‘ | , 
- Total | monnsi Amino ™ Total 
Yield | nitrogen | T¥TSiNC| nitrogen | Y#!4 | nitrogen 


Sericin B Sericin A 


Amino 


Tyrosine | _*! 
y Ditrogen 




















Since the bulk of the sericin is removed in a relatively short time, 
and practically entirely in the form of sericin B, the increasing yields 
of sericin A must result principally from the decomposition of the 
sericin B after the latter has been removed from the silk. This 
decomposition appears to proceed fairly rapidly (fig. 1). 

The increase in the yield of the very soluble fraction, sericin D, 
with increased time of autoclaving, as shown in table 4, is indicative 
of even more extreme decomposition of the sericin. The chief inter- 
est in this fraction is found in its relatively high carbohydrate and 
amino-sugar contents. The samples obtained after 20 minutes con- 
tain about three times as much of these substances as the original 
sericin. It should be noted, however, that although there is a four- 
fold increase in yield of sericin D when the duration of the autoclave 
treatment is extended from 20 to 180 minutes, there is only a com- 
paratively small increase in the total yields of amino sugar and 
carbohydrate. In other words, the first of these very soluble decompo- 
sition products is relatively rich in these substances, but the subse- 
quent fractions of the sericin contain appreciably lower amounts. 


TABLE 4.—Effect of the duration of the autoclave treatment on the yield of sericin D 





Yield* of Carbohydrate | Amino sugar (as 
Duration of autoclave treatment sericin D (as glucose) glucosamine) 








mg mg 
102 
134 














* Yield from 50 g of dewaxed silk. 


The data in table 3 also show that the conversion of sericin B to A 
is accompanied by an increase in amino-nitrogen content, sufficient 
to account for an appreciable amount of hydrolysis. Additional 
evidence that hydrolytic decomposition occurs during treatment of 
sericin with boiling water was obtained in the following experiment. 
A sample of dewaxed silk was placed in boiling water and aliquots of 
the resulting sericin solution were removed at different time intervals 
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for the determination of total and amino nitrogen. ‘The results are 
presented in figure 2, and show that hydrolysis of the sericin proceeds 
at an appreciable and fairly constant rate. 

No attempt has been .wade to isolate the sericin C fraction because, 
as shown above, none of the isolated fractions has any particular 
significance as regards the sericin as it exists in the raw silk. 
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Figure 2.—Rate of increase of the amino-nitrogen content of a sericin solution 
during prolonged treatment at 100° C. 
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METHODS OF MEASURING pH IN ALKALINE CYANIDE 
PLATING BATHS? 


By Maurice R. Thompson 


ABSTRACT 


For many years the pH of acid plating baths has been measured and controlled, 
especially in nickel plating, but only recently has attention been given to similar 
control of alkaline cyanide baths. It is more difficult to apply either the elec- 
trometric or the colorimetric method to the accurate measurement of these baths, 
mainly because of uncertainty as to salterror. In the work described, comparative 
readings were made on buffered alkaline sodium chloride solutions (1 to 3 N) with 
the hydrogen electrode (which is free from salt error by definition), with a com- 
mercial bulb-type glass electrode, and with three colorimetric sets. Readings of 
pH by the glass electrode were too low by about 0.5 to 1.5 pH unit. Readings 
with the indicators were usually too high by about 0.5 to 1.0 pH unit, varying 
with the indicator. The glass electrode error increased both as the salt content 
and pH of a solution increased. The colorimetric error also increased as the salt 
content of a solution increased, but at a lesser rate than for the glass electrode. 
The colorimetric error decreased, however, as the pH increased. 

Corrections to readings of the glass electrode and of the indicators on several 
cyanide copper plating bath samples, in which the hydrogen electrode could not 
be used, were made on the assumption that salt errors of alkaline chloride and 
cyanide are the same. The corrected readings by the two methods agreed 
within 0.56 pH. More extensive measurements would, be} desirable, however, 
before adopting definite corrections for the large errors involved. It seems 
desirable, therefore, to continue to report uncorrected pH values for alkaline 
cyanide Es solutions, stating the type and make of apparatus employed. 
The condition of glass electrodes should be checked occasionally, for example, by 
reading the pH of a buffered solution with a salt content comparable to that of 
e —- being measured and with a true pH value established by the hydrogen 
electrode. 
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Py A Preliminary report upon this investigation, entitled ‘The Measurement of pH in Alkaline Cyanide 
lating Baths’, was presented to the Twenty-seventh Annual Convention and International Conference 
of the American Electroplaters’ Society at Asbury Park, N. J., June 19 to 22, 1939, and was printed in the 
Convention Proceedings. 
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I. INTRODUCTION 


For more than 15 years it has been customary to measure and con- 
trol the pH of nickel-plating baths,’ which are usually operated in the 
acid range, but only recently has this test been applied to alkaline 
cyanide baths, * * ° such as those of copper, brass, silver, zinc, and 
cadmium. With nickel-plating baths, the pH was found to be one of 
the factors affecting current efficiency and the character of the deposit, 
Similar effects have also been reported for the cyanide baths. Ip 
controlling these cyanide baths, two questions naturally arise: (1) 
How concordant and how accurate are the present methods of measure- 
ment? (2) What are the favorable limits of pH for the operation of 
a given bath? At the present time there is little information avyail- 
able for answering the first question, to which the present paper is 
confined. 

Both electrometric and colorimetric methods are now in use for 
measuring the pH of plating baths. The colorimetric method requires 
less experience and, for a limited range of pH, less investment. in 
apparatus. The electrometric method, in one form or another, is 
applicable to a wider range of conditions, is suitable for automatic 
recording if this is required, and is free from the personal equation 
and eye fatigue which are associated to some extent with color 
matching. 

Early experience with nickel baths showed that the indicators used 
in the colorimetric method were subject to ‘salt errors,” which caused 
a discrepancy between the results of this and the electrometric method. 
By the salt error of a pH measurement is meant any deviation of 
either the electrometric or colorimetric reading, in a solution con- 
taining a high concentration of salts, from the value (the “true pH”) 
that would have been obtained in that solution with a hydrogen 
electrode (if applicable). The hydrogen electrode as the primary 
standard has a zero salt error by definition. The difference between 
this true pH and that observed by any other method for the same 
solution gives the salt error and therefore the correction to be applied 
to the observed pH. 

Blum and Bekkedahl * found that usually with nickel baths the 
pH values obtained by the indicators were consistently too high by 
about 0.5 unit. Therefore the subtraction of 0.5 pH from the color- 
metric values made them concordant with hydrogen electrode read- 
ings. (Fortunately in this case the hydrogen electrode was appli- 
cable to sufficiently pure nickel solutions. Also, the quinhydrone 
electrode had a negligible salt error in nickel solutions.) The recording 
of such corrected values facilitates the comparison of the results 
obtained by various investigators with different methods. The 
present investigation was designed to ascertain whether a similar 
standardization of methods could be applied to measurements of the 
pH of alkaline cyanide solutions. 


2M. R. Thompson, Trans. Am. Electrochem. Soc. 41, 333 (1922). 

3 R. Springer, Metal Ind. (New York) 34, 473 (1936) and 35, 174 (1937). i 

4G. B. Hogaboom, Monthly Review, Am. Electroplaters’ Soc. 24, 713 (1937); Metal Ind. (New York) 36, 
116 (1938) and 36, 170 (1938). ' 

+ A. K. Graham and H. J. Read. Metal Ind. (New York) 35, 559 (1937); 35, 617 (1937); 36, 15 (1938); 36, 
77 (1938); 36, 120 (1958); and 36, 169 (1938). 

¢ W. Blum and N. Bekkedahl, Trans. Am, Electrochem, Soc. 56, 201 (1929). 
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II. PRINCIPLES INVOLVED 


If it were possible to measure the pH of a metal cyanide solution 
with a hydrogen electrode, a comparison of this value with that ob- 
tained by any other method would show directly the error of the other 
measurement. The hydrogen electrode, however, is not applicable 
in metal cyanide solutions, as it is subject to disturbance by metal 
reduced upon it and to “poisoning” cyanide. Unfortunately, 
there is no other electrode now available which is altogether satis- 
factory for these solutions. The quinhydrone electrode gives erron- 
eous readings above pH 9; and the antimony electrode has many 
limitations, including disturbance by traces of copper salts. The 
glass electrode, perfected recently as a durable commercial device, 
has the disadvantage of an increasingly large sodium-ion error above 
pH 10. (The potassium-ion error is comparatively small, and the 
barium-ion error is almost negligible. Most cyanide plating baths 
however, are now prepared from sodium cyanide.) It has usually 
been considered, however, that this error is fairly reproducible when 
a uniform technique is employed. Moreover, it has been reported 
that the glass electrode is free from specific anion effects, that is, the 
sodium-ion error for 1 N Nat is the same whether sodium chloride, 
sulfate, phosphate, or other salt, is employed. 

This situation led to the use in this investigation of the glass 
electrode as a secondary electrometric standard for the cyanide baths. 
Comparative measurements with the hydrogen and glass electrodes 
can be made in alkaline “buffered” solutions prepared with known 
high concentrations of such salts as sodium chloride or sodium sulfate. 
The difference in readings gives the sodium-ion error and hence the 
correction for the glass electrode. ‘The assumption is then made that 
equivalent concentrations of sodium cyanide or of double sodium 
metal cyanides would affect the glass electrode reading to the same 
extent in plating solutions. (If these were not freshly prepared baths 
of known formula, the total sodium content could be determined by 
standard methods of analysis.) Then by applying the previously 
determined corrections, to such readings, corrected values approxi- 
mating the true pH values of the plating bath samples are obtained. 
This procedure also involves the assumption that heavy metal com- 
pounds have no appreciable effect on the glass electrode measurements 
in alkaline solutions (no effect has been found in acid solutions). This 
appeared to be the most practicable electrometric procedure at present, 
although the numerous assumptions made and the difficulties involved 
in making glass electrode measurements in alkaline solutions tend to 
make the results at best only approximate. 

_The situation with respect to the colorimetric method is very 
similar. The commercial indicator sets are calibrated by means of 
standard buffer solutions, which are dilute (except in the upper alka- 
line range), and the pH of which has been measured with the hydro- 
gen electrode. The indicator sets are graduated in 0.2 pH intervals 
and normally give values that are correct within +0.1 pH for similar 
dilute solutions, but not for solutions with high salt contents. Cyanide 
plating baths have fairly high concentrations of double cyanide, free 
sodium cyanide, sodium carbonate, and other salts. The effect of 
such salts, at a given pH, is to shift the color of the indicator, usually 
toward the alkaline side. As with the glass electrode, this error is 
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readily determined for solutions in which the true pH value can be 
measured by the hydrogen electrode, for instance in concentrated 
chloride or sulfate solutions. The corresponding correction of colori. 
metric readings on cyanide baths also involves the assumption that 
cyanide causes about the same salt error with indicators as does ap 
equivalent concentration of other salts. Unfortunately, there are 
few data available on the specific salt errors of indicators.’ It, j 
probable that these errors are correlated more directly with the ionic 
strength of a solution than with the salt concentration. As no high 
accuracy is required for the present purposes, however, the salt con- 
centration will be used and, as will appear, it seems suitable as a first 
approximation. 

Experimentally, it is found that the sodium-ion error of the glass 
electrode is negative in the alkaline range, that is, the observed pH 
reading is too low. The salt error of the indicators is commonly (but 
not always) positive, and thus the observed pH reading is ordinarily 
too high. The true pH is, therefore, generally between these two 
values but usually not exactly midway between them. These rela- 
tions may be summarized as follows: 

1. Hydrogen-electrode reading (if practicable)=true pH. 

2. Glass electrode reading+glass electrode sodium-ion error= 
corrected pH (approximately the true pH). 

3. Colorimetric reading—indicator salt error=corrected pH (approx- 
imately the true pH). 

4. Glass electrode reading+glass electrode sodium-ion error= 
colorimetric reading—indicator salt error. Consequently, if the pH 
of a given cyanide bath is determined from a corrected glass electrode 
reading and also from a corrected colorimetric reading, the two results, 
if correct, should agree. Any difference between them indicates the 
present degree of uncertainty in the methods employed and in the 
assumptions made. 


III. DETERMINATION OF SALT ERRORS 


The various steps used to determine the salt errors of the instru- 
ments employed in this investigation may be summarized briefly as 
follows. 

1. ELECTROMETRIC MEASUREMEF “TS 


(a) HYDROGEN ELECTRODE 


Readings were made on all of the buffer solutions and buffered salt 
solutions with the hydrogen electrode. Platinized platinum-foil 
electrodes were used in conjunction with saturated calomel reference 
electrodes in a suitable cell, which was placed in an air bath kept ata 
temperature of 25° C+0.2°. The electromotive force of the reference 
electrode was taken as 0.2458 volt. The hydrogen was purified by 
passage through heated palladium-asbestos and then presaturated 
with water vapor in a bubbling tube. Readings were corrected for 
barometric pressure in the usual manner. Borate buffer solutions 
with and without added salts were employed. All solutions were 
stored in waxed bottles. 

7W. W. Scott, Standard Methods of Chemical Analysis, [ed. 5] 2, 2274 (Ch A on Determination of pH 


a) 
by the Colorimetric Method by W. A. Taylor and F. R. McCrumb). (D. Van Nostrand Co., Inc., New 
ork, N. Y., 1939.) 
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(b) GLASSSELECTRODE 
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Several makes * of commercial portable pH meters, or pH electrom- 
eters, are now available for use in the control of cyanide plating 
haths. ‘These consist essentially of an electron-tube potentiometer, to 
which is connected an electrode chain of a bulb-type glass electrode 
and a saturated calomel electrode. The sample of solution is placed 
in a small movable cup which surrounds the glass electrode. The 
potentiometer scale can be read by estimation to +0.01 pH. 

For this investigation a Coleman Model 3—D electrometer was used, 
with several extra Coleman glass electrodes (made of Corning 015 
class) for comparative readings when necessary. The scale of the 
Coleman potentiometer was checked by comparison with a precision 
potentiometer, after substituting a resistance of 200 megohms for the 
electrode chain. (This instrument has only one scale, which is adjust- 
able by means of a switch for either pH or millivolt readings.) The 
asymmetry potential of the glass electrode was balanced with 0.05 M 
acid potassium phthalate buffer solution (prepared from standard 
sample 84a of the National Bureau of Standards), for which the pH 
was taken as 3.97.° Glass-electrode measurements on buffer solutions, 
on buffered salt solutions, and on plating samples were usually made at 
25°C. (The Coleman instrument, however, contains a compensating 
device which automatically corrects for potential shift of the elec- 
trodes with temperature. ) 

The handling of a glass electrode included two rinses with distilled 
water and two rinses with the sample to be measured, followed by a 
S reading within 5 minutes. Frequent attention was given to flushing 

the liquid junction and to balancing the asymmetry potential against 
the phthalate buffer. The glass electrodes were kept in distilled 
water when not 1m use. 


2. COLORIMETRIC MEASUREMENTS 


Because the available colorimetric sets differ in the indicators 
employed and in the construction of the color standards, it was 
desirable to include several makes in this investigation. Equipment 
and indicators were lent by Hellige, Inc. (H), by LaMotte Chemical 
Products Co. (L), and by W. A. Taylor & Co. (T). The Hellige 
standards consist of colored glass disks mounted on a small wheel, the 
LaMotte Standards are separate ampoules used in a holder, and the 
Taylor standards are small ampoules mounted in separate slides for 
each indicator. All these sets are graduated at 0.2 pH intervals and 
under good conditions can be read to +0.1 pH. The indicators used 
with each set and the various ranges of pH are listed under the name 
of the maker in table 1. (Other indicators furnished for the lower 
alkaline range were not required for the present investigation.) 


§ Among these are the instruments supplied by the Coleman Electric Co.; Hellige, Inc.; Leeds & Northrup 
Co.; and the National Technical Laboratories. 

* This is the value te by W. M. Clarke, ‘“The Determination of Hydrogen Ions” [ed. 3], p. 486 (Williams 
& Wilkins Co., Baltimore, Md., 1928). It is probable that this value will shortly be revised to pH 4.01 in 
accordance with work done at the National Bureau of Standards and other laboratories. Such a change, 
however, is too small to affect the results given in this paper. 
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TABLE 1.—Colorimetric sets 





PH range Hellige (H) indicators LaMotte (L) indicators Taylor (T) 
indicators 





—. 


Nitro yelow Nitro yellow. ._.....-.-..-..| Tolyl red. 
eee Ee Parazo orange 
-| Tropaeolin C 5 Pinks wbbdas keke watacole oot 

_ | ES REE ae ee 














The original calibrations of these three colorimetric sets wer 
checked by readings on buffer solutions which were prepared by 
partly neutralizing 0.1 N NaOH with 0 to 0.2 M7 H,BO,, and with fey 
exceptions the standards were found to be correct within the repro. 
ducibility of the observations. These and the subsequent colorimetric 
readings were made at about 25° C by two or more observers, and the 
readings usually agreed within 0.2 pH, with an average deviation o{ 
about 0.1 pH. The indicator sets were then employed to measure the 
pH of the same buffered salt solutions and plating solution samples as 
were used with the glass electrode. 


IV. DISCUSSION OF MEASUREMENTS 
1. HYSTERESIS OF GLASS ELECTRODE 


It was noted that a glass electrode of the type employed was subject 
to a lag or hysteresis when used in concentrated alkaline salt solutions. 
For instance, higher pH values were obtained for a series of solutions 
measured in the order of increasing salt content than when measured 
in the order of decreasing salt content. The maximum discrepancy 
observed was about 0.1 pH. This effect is probably connected with 
the difficulty of displacing the film of solution on the surface of the glass 
by another solution of different concentration. Thus, Perley " has 
stated: “The glass surface is highly adsorptive. When changing from 
a buffer solution to an unbuffered solution, considerable washing is 
required. The thicker and more robust the glass electrode, the 
greater must-be the degree of washing.” 

Hysteresis was minimized by thorough rinsing, by making measure- 
ments in the same order of concentration, and by checking the asym- 
metry potential before each reading. 


2. VARIATION BETWEEN DIFFERENT GLASS ELECTRODES 


Previous investigators | have reported agreement within 0.05 pH for 
several commercial bulb-type glass electrodes of the same make. In 
this investigation, less close agreement was usually obtained. The 
electrodes used were not especially selected for the same age and 
condition. Differences of 0.1 pH or more were encountered, when 
the same buffered alkaline chloride solution was measured, especially 
in the upper range of pH. Such discrepancies, which are difficult to 
explain, may be connected with variations in the rate of attack of 
alkaline solutions upon the glass of different electrodes. This subject 
of attack has been studied by Hubbard, Hamilton, and Finn.” In 
the present investigation the most concordant electrodes were found 
to be those used frequently under similar conditions. 

10G. A. Perley, Am. Dyestuff Reptr. 26, 832 (1937). 


11 W. C. Gardiner and H. L. Sanders, Ind. Eng. Chem., Anal. Ed. 9, 274 (1937). 
12 J. Research NBS 22, 339 (1939) RP1187. 
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3, “PSEUDOANION” EFFECT UPON GLASS ELECTRODE 


The fact that glass electrodes have usually been considered free 
from specific anion effects has been mentioned. However, most of the 
research on glass electrodes has been done with the membrane type, 
which is comparatively small, thin, and very sensitive. In this investi- 
gation, it was found that the salt error with sodium sulfate solutions 
was slightly lower than with sodium chloride solutions. This effect 


-2.0 


°90 10.0 11.0 12.0 
OBSERVED pH 


Figure 1.—Typical sodium error of a bulb-type glass electrode, for chloride solutions: 
A, 1 N Na; B, 2 N Na; C, 3 N Na. 


might be related to differences in adsorption, or in rate of attack, or 
both, for the two solutions. If commonly found with bulb-type elec- 
trodes, it could be regarded as a “‘pseudoanion”’ effect until more infor- 
mation is available. 

The combination of hysteresis, variation between different elec- 
trodes, and pseudoanion effect may make a combined uncertainty in 
the reading of bulb-type glass electrodes in concentrated alkaline 
solutions of several tenths of a pH unit, especially in the upper range 
of pH where the salt error changes rapidly. Figure 1 shows typical 
results for the sodium-ion error of a glass electrode that has fairly 
high sensitivity in the upper pH range. These results apply only to 
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the buffered sodium chloride solutions, in which the error is relatively 
large. The curves for other individual electrodes would not neces. 
sarily coincide with those of figure 1. 


4. COLORIMETRIC MEASUREMENTS 


_ The colorimetric measurements were closely reproducible. The 
indicators used for the upper pH range, however, are ‘‘one-color’ 
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Figure 2.—Sodium salt error of Hellige indicators. 
For chloride solutions: A, 1 N Na; B,2.N Na; C,3NNa. For sulfate solution: D,2 N Na. 


dyes and are more difficult to compare than the “two-color” dyes 
employed for the acid range of pH. In general, comparisons with a 
violet or blue dye were found to be less sharp than with one having 4 
pink or yellow color. 
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With few exceptions, the indicators for a given set had salt errors 
of the same order of magnitude, which did not increase rapidly above 
1 N Nat. The curves for salt error plotted against observed pH 
were of the same general shape and are shown in figures 2, 3, and 4 for 
the individual sets. (Where the readings of different indicators of a 
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Figure 3.—Sodium salt error of LaMotte indicators. 


For chloride solutions: A, 1.N Na; B,2NNa;C,3NNa, For sulfate solution: D, 2 N Na. 


set overlapped, they agreed closely enough to warrant using averaged 
values for the points oan) This situation made possible the com- 
bination of the results for each set into the generalized curve shown 
in figure 5, which, like figure 1, is based only on the buffered sodium 
chloride solutions. These generalized curves are reliable to about 
+0.2 pH, which is sufficient for the present ose. With some indi- 
cators, sulfate had a greater effect than press in the lower part of 
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the pH range. ll of the indicator curves showed a sharp decrease in 
error above pH 12, where the error approached zero. It was Pointed 
out by F. R. McCrumb * that this result is caused by the necessity 
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Figure 4.—Sodium salt error of Taylor indicators. 
For chloridefsolutions:; A, 1 N Na; B,2.NNa; C3. N Na. For sulfate solution: D, 2 .N Na. 


of calibrating the upper pH standards against solutions of fairly high 
sodium hydroxide content. At this end of the scale the color and 
rated pH for the indicator correspond, therefore, more closely to the 
concentrated than to the dilute salt solutions. 


8 Chemical Director, W. A. Taylor & Co., Inc. Private communication. 
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y. APPLICATION OF THE RESULTS TO THE pH MEASURE. 
MENT OF CYANIDE COPPER PLATING BATHS 


A few solutions were prepared to represent cyanide copper plating 
baths, for testing the applicability of the proposed methods. Copper 
baths were selected because they are used mpegs and are occa- 
sionally kept under pH control. Two types, a regular cyanide and 
a Rochelle salt bath, were prepared from chemicals of known purity. 


+1 


+0. 


11.0 12.0 13.0 
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Ficure 5.—Generalized sodium salt error 4 indicators for chloride solutions of 1 N 
Na or greater: Hellige (H); LaMotte (L); Taylor (T). 


A portion of each was also adjusted to a higher pH value by adding 
sodium hydroxide. These portions furnished for measurement four 
solutions which had the compositions given in table 2. 
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TABLE 2.—Composition of copper baths 





Concentration 





Designation Compounds 





Copper cyanide, CuCN -_- on ee ee AES 
Total sodium cyanide, NaCN....._.--...-.....------- 
(Free sodium cyanide), NaCN_........-..-.---------- 
Sodium carbonate, NazCO3...................-.--.---- 
Total sodium content, Na 


{Folation A plus sodium hydroxide, NaOH 
Total sodium content, Na 


Copper cyanide, CuCN- 

Total sodium cyanide, NaCN 

(Free sodium cyanide), NaCN Z ‘ 
Rochelle salt, aK CyH400.4H20- See eS Le et 
Sodium carbonate, NazCOy_.....____- 

Total sodium content, Na ‘ 

Total potassium content, K__.-.............-...-.. 


[rota so C plus sodium poteentte,. ener: 
al sodium content, Na tenet hick awsenes 
{rota potassium content, ae ibs Sittnessenden 

















The pH of each of these cyanide copper solutions was measured 
with the same glass electrode used in obtaining the data for figure 1, 
and a correction was applied from this figure whenever possible. 
Similarly, the pH was measured with each indicator set and a correc- 
tion applied from figure 5. The results are summarized in table 3. 


TABLE 3.—pH measurements on cyanide copper baths 





Bath Colorimetric pH 


pH (By a 
electrode) 








Set L 





Composition 
Ob- Cor- Ob- Cor- 
served served | rected 





Regular; 045 N Na. 5 . 12.4 \ R. 
A+Na0H; 1. +f NNa.. ; y 2. 
Rochelle salt; 1 50 N Na . 5 R 2. 
C+Na0H8H; 1.60 N Na-. i 13. 
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SOME OBSERVATIONS ON DETERMINING THE SIZE OF 
PORES IN PAPER 


By Frederick T. Carson 


ABSTRACT 


The various methods which have been used to determine the size of pores in 
paper are briefly reviewed. These are of three general types: (a) methods based 
on rate of efflux of fluids; (b) methods based on rate of rise of liquids in vertical 
strips; (¢) methods based on the capillary pressure involved in penetration by 
liquids. 

"A new method is outlined, which takes advantage of the fact that the coefficient 
of slip of air in viscous flow through paper is a function of pressure. From the 
Meyer equation, the average effective pore radius is evaluated in terms of the air 
permeability values at two pressures. It is only necessary to determine the air 
permeability at two different pressures of an identical area of paper. Experi- 
mental values for two such air-permeability determinations on each of five papers, 
and oe pene values calculated for the average effective pore radius, are 
tabulated. 
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I, METHODS AVAILABLE 
1. INTRODUCTION 


A number of attempts have been made to determine the size of the 
pores in paper. It may seem pointless even to broach the question of 
the size of the pores in such a structure, inasmuch as the free spaces 
in the network of fibers that constitute a sheet of paper are extremely 
regular and indefinite in shape and size. The fact remains, however, 
that much effort has been expended in attempting to assign some 
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numerical value to characterize the size of the pores in paper and 
various other materials. And the effort seems justified, both by the 
a usefulness of such a numerical characterization and by the 

ehavior of the materials. Although there is probably no such thing 
in a sheet of paper as a long, cylindrical capillary tube, the sheet, 
nevertheless, behaves in certain respects as if its system of pores were 
made up of a large bundle of such capillary tubes in parallel, making 
it possible to talk about and write equations for a system of pores that 
behaves in certain respects like the system of pores in an actual sheet 
of paper. It is very necessary, of course, that one keep in mind the 
limitations of such a contrivance. Let us suppose, for instance, that 
the channels are interconnected within the body of the sheet, as they 
possibly are in most papers. One might then, with good reason, look 
upon the whole network as a single pore, and pore size from such a 
viewpoint might not have any relation to pore size as defined from g 
different point of view. 


2. TACIT DEFINITION 


Most of the efforts that have been made to determine the size of 
pores in paper have concerned themselves with the behavior of fluids 
flowing within the structure of the sheet, and it is from this point of 
view that pore size has been tacitly defined by many workers. The 
values arrived at, of course, tell us little more than the average size, 
or the range of sizes, in a system of simple pores amenable to mathe- 
matical treatment which would behave, toward the flow of fluids, like 
the actual system of pores in the sheet. The sheet of paper does not 
necessarily contain any actual structural counterpart of the capillary 
system evaluated. The values for size of pores thus obtained have, 
nevertheless, been considered very useful in certain applications of 
paper and other porous materials. Some investigators iw tried to 
interpret the results more nearly in accordance with reality by applying 
correction factors to accord with particular types of structure [3, 
9, 10).! 

3. THE MICROSCOPE AS AN AID 


The microscope is a valuable means of studying the pore structure 
of paper. It does not, however, give the same type of information as 
do flow measurements. It does not readily reveal which spaces are 
the pores or continuous channels, or how the spaces at different levels 
are connected. It is difficult to analyze the complex pattern that one 
sees in a magnified cross section of paper and to appraise it in terms of 
pores available for the transfer of fluids through the structure’ 
Although the dimensions seen with the microscope are highly sig- 
nificant as ssc sangeet evidence, they cannot be regarded as having 
cardinal significance over values for pore size obtained through flow 
measurements. One cannot hope that they will do more than con- 
firm the order of magnitude of values determined from actual flow 
measurements. 


1 Figures in brackets indicate the literature references at the end of this r. 

1A possible aid in this difficulty may be found in the ms + ome of Dr. McPherson, of the Bureau staff, 
that a small amount of a gas, such as hydrogen selenide or hydrogen telluride, be mixed with the air that is 
being forced through the paper. Such a gas reacts with cellulose to dye it a distinctive color, which might 
aid one in tracing the air passages hy sectioning the paper and examining it with a microscope. 
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4. METHODS BASED ON RATE OF EFFLUX OF FLUIDS 


The estimation of pore size in paper through flow measurements 
has occupied the attention of several investigators during the past 
decade. Baird and Hrubesky [1] outlined methods of approach based 
on the work of Stamm [15] on wood sections. They proposed to 
make air-permeability measurements and apply the familiar Poiseuille 
equation, whereby the average effective radius, r (as defined by these 
workers), can be calculated from the permeability of the paper and 
the number and length of the capillaries in an equivalent system of 
parallel cylindrical capillaries. For necessary simplicity they assumed 
(as have other workers) the length of the air passages to be equal to 
the thickness of the paper.’ Since the number of pores, N, is unknown, 
it was necessary to a oll in addition to the Poiseuille equation, a 
second equation relating the average radius to the number of pores. 
Such an equation was formulated by determining the fractional pore 
area (equal to wr°N per unit area of the sheet) as the ratio of the 
conductivity of a concentrated gs. Soe saturating the paper to the 
conductivity of a free volume of the electrolyte equal to the volume 
of the paper.* 

Although Baird and Hrubesky did not present definite values for 
pore size by their method, they gave values for pore space relative 
to the total air space, which indicate their belief that not more than 2 
percent of the air spaces in a sheet of paper are continuous passages 
through the sheet available for the transfer of air. This would 
require the pores to be relatively large in order to account for the 
air permeability. 

It may be of interest to note that Edwards [5], using the same general 
procedure on leather, estimated the average effective radius of the 
pores to be about 0.5 to 1 micron (thousandth of a millimeter) for the 
samples studied. He evaluated the fractional pore area by means of 
water-vapor—permeability data. 

Manegold and Solf [9] made use of a somewhat similar procedure. 
They made permeability measurements with liquids and with air, 
expressing the results as specific permeability. They evaluated the 
fractional pore area as the ratio of the volume of liquid required to 
saturate a piece of paper, to the volume of the paper. Their values 
for the average effective pore radius of various papers ranged from 
0.0007 to 8 microns, with values of a few tenths of a micron for most 
ordinary papers. 


5. METHODS BASED ON RATE OF ASCENT OF LIQUID IN STRIPS 


It has been shown that under certain conditions the radius of the 
bore in a glass capillary is proportional to the square of the height to 
which a liquid that wets it will rise in a given time [8, 19]. Simmonds 
14], after presenting data to show that certain papers behave approx- 
imately in conformity with this relation when strips are hung with 
the lower end in water, applied this equation to evaluating the size 


' The effective length of the pores through paper is almost certainly many times the thickness of the paper. 
Ina previous publication [4] it was poms out that the behavior of paper in air-permeability measurements 
demands a comparatively long path through the sheet. The fact that most fibers in paper are much flat- 
tened as a result of the pressure applied in calendering suggests that the channels between fibers may be 
likened to the spaces in a pile of ovesinpping flat plates. A fluid flowing down through such a structure 
would have to follow a very tortuous course back and forth between the surfaces of the plates, covering a 
distance many times the height of the pile. That part of the fluid traveling within the fibers of a sheet of 
Paper would also follow a long path, since the fibers are nearly parallel to the plane of the paper. 

‘ The electrolytic method of determining the fractionai pore area was later repudiated by Stamm [16]. 
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of the pores. He reported values for the average effective radius of 
the pores in cartridge paper board as about 0.008 to 0.045 microp. 
in blotting paper, about 0.1 to 0.3 micron; in sulfite pulp sheets, abou; 
0.5 micron. 

Foote [6] extended the experiments of Simmonds, using formamide 
alcohol, and benzene, in addition to water. His experiments wer, 
made on sulfite bond, from a part of which the rosin sizing had beep 
extracted so that readings could be obtained with water and form. 
amide. His values for the average effective radius of the pores ranged 
from 0.006 to 0.35 micron, depending upon the liquid used in the 
experiments of capillary rise. He sainted out, however, that it may 
not be valid to assume that the contact angle is zero in all cases, and 
also that the equation used is probably not valid when the paper 
swells while the liquid is flowing through its structure. He cop. 
sidered his highest values (obtained with alcohol) to be the most 
credible. 

Peek and McLean [13] measured the rate of rise of six organic 
liquids in strips of filter paper, and showed that the experimental 
data fitted their derived equation for the rate of rise. By evaluating 
the constants of their equation they were able, on the assumption of 
a uniform distribution of sizes, to calculate the range of pore sizes, 
They reported the values of 4 to 40 microns as the range of effective 
capillary radii of the filter paper with which they experimented. 
They included photomicrographs of cross sections of the filter paper 
to show that the widths of spaces presumed to be pores appear to 
lie within these limits. 


6. METHODS BASED ON CAPILLARY PRESSURE 


sane [7] forced oil at different pressures through paper and 


measured the time of transudation in each case. He then evaluated 
the capillary pressure by extrapolating the plot of pressure against 
the reciprocal of time to the zero value of the reciprocal of time to 
obtain a value for the pressure necessary to prevent penetration (pres- 
sure at infinite time of transudation). He then calculated the average 
effective capillary radius from the familiar equation of elementary 
physics, whereby the radius is twice the ratio of the surface tension 
of the liquid to the capillary pressure, for a liquid that wets the capil- 
lary. The value reported for the average effective pore radius in a 
supercalendered book paper was about 5 microns; in a bond paper, 
about 10 microns. 

A modification of this procedure, involving the air pressure necessary 
to expel a liquid saturating a sheet of paper, was suggested by Baird 
and Hrubesky [1] as a means of evaluating the maximum pore radius 
of paper. 

7. OTHER DATA AND METHODS 


Witzmann [20] determined the average effective pore radius in filter 
pa and other filtering media, using several of the methods which 
ave been outlined. He reported values for filter paper ranging from 
0.05 to about 6 microns, depending on the method used and on the 
grade of filter paper tested. 
Similar methods have been applied to the determination of pore 
size in other materials [2, 15, 17], and also an additional one ot 
the Kelvin relation of the curvature of a liquid in a capillary ( 
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hence the radius of the capillary, when small) to the vapor pressure 
over the curved surface. This method, however, does not appear 
to have been adapted to the estimation of pore size in paper. 

It is apparent from the foregoing review that it has been necessary 
to make liberal use of simplifying assumptions in evaluating pore size 
in paper, and that there is still some uncertainty about the order of 
magnitude of the size of the pores in this material. 


II. A NEW METHOD 
1. ORIGIN OF THE METHOD 


In 1934 the writer found a more direct method of estimating the 
average effective pore size in a porous material, which does not appear 
to have been used before, and in view of the interest which has been 
manifested in the subject since that time, it seems desirable to 
describe it. 

Bureau Research Paper RP682 [4] reported data showing that, by 
various criteria, the passages in a sheet of paper, through which air 
flows under a pressure difference across the sheet, behave as if they 
were a bundle of long capillary tubes in parallel. However, the effect 
of atmospheric pressure, or total pressure on air permeability did not 
seem to fit this interpretation. In this work Mae's [11] equation 
for the efflux of a gas from a capillary tube was used, with the cus- 
tomary omission of the term containing the slip coefficient, inasmuch 
as for most situations it is valid to assume that the movement of the 
layer of fluid in contact with the walls of the capillary is so small 
as to be negligible. A short time after the paper was published, Guy 
Barr, of the National Physical Laboratory in England, pointed out 
that, whereas the omission of the term containing the slip coefficient 
would make no perceptible difference in evaluating the effect pro- 
duced by other variables studied, it might make a difference in the 
case of a change in total pressure if the capillaries were small enough, 
inasmuch as the slip coefficient is a function of pressure. The data 
were reexamined in the light of Dr. Barr’s suggestion, and it was found 
that a very probable value of the average effective pore radius could 
be obtained from the pressure-permeability data. 

This interpretation of the total-pressure effect renders some of the 
conclusions in RP682 about this variable subject to revision, and 
brings into harmony all of the criteria used as evidence of the nature 
of the air passages in paper. It is not necessary to assume an elastic 
expansion of voids to explain the behavior, since the pressure criterion 
is no longer useful, inasmuch as an increase in air permeability with 
decreasing total pressure may be expected, regardless of the nature 
of the capillaries, when they are small enough. 


2. SLIP COEFFICIENT 
The Meyer equation for the viscous flow of a gas may be written 


_artD(2P—D)/, , 48 





in which V is the volume of gas, measured at the inlet pressure, P, 
which, in the steady state of efflux, enters the capillary in time, ¢, 
under a constant pressure difference, D, between the two ends; 
ris the radius of the capillary; Z is its length; » is the coefficient of 
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viscosity; and s is the coefficient of slip, which Meyer defines as the 
ratio of the coefficient of viscosity to the coefficient of friction on the 
walls of the capillary. Ordinarily the wall friction is so great that q 
layer of gas remains substantially fixed on the walls of the capillary. 
and the coefficient of slip becomes negligibly small in most applications 
of the equation. Actually, however, there is a slight movement, oy 
slipping, of this surface layer in the direction of the gas stream, and jt 
is this circumstance that affords the means to be described of estimat. 
ing the size of the pores in paper. When r is small enough s/r cannot 
be neglected, and in paper we seem to have pores small enough to 
require that the slip factor be dealt with. 


3. EQUATION FOR PORE RADIUS 


The air permeability of paper is defined as the volume of air (meas. 
ured at the inlet pressure) which flows through a unit area of the 
paper in unit time per unit pressure difference (the pressure difference 
used being always small in comparison with the total pressure). If, 
now, the average effective pore radius is defined as the radius of one 
of N identical cylindrical capillaries of length Z in parallel, which, in 
combination, have the same air permeability as the paper under 
identical conditions, this air permeability, A, can be written 


NV _Nrar'* D 48 
=D aha! aP t7) @) 
At some other inlet pressure, P’, the air permeability, A’, for a pressure 


difference, D’ can be written in a similar manner. Dividing one 
equation by the other gives 


A’_r+4s" 2PP’— PD! ' 
A r+4s'2PP’—P'D’ (3) 


since 7 is not a function of pressure. The last part of eq 3 will drop 
out, either when D and D’ are so small in comparison with P and P’ 
that the term is unity within experimental error (as was the case in the 
previous work) or when D and D’ are chosen so that PD’ =P’D. 

The slip coefficient, s, is proportional to the mean free path of the 
molecules of the gas, and, in fact, is approximately equal to it [12]. 
That is, s is inversely proportional to the total pressure, or sP=s'P’. 
Therefore, from eq 3, with D and D’ chosen as prescribed, 

ZL P ~ , 
r= Ale. (4) 

If we take the slip coefficient equal to the mean free path, then s 
has a value of about 10° em (0.1 micron), when P is 1 atmosphere. 
One has, therefore, only to make two determinations of the air 
permeability of a piece of paper at different tote! pressures, in order 
to calculate the average effective pore radius. Since from the form 
of eq 4, it is immaterial what unit is chosen for A and A’, the air 
permeability will be reported in the customary unit. 


A 





4. EXPERIMENTAL VALUES 


The apparatus used in determining the effect of change in total 
pressure, and described in RP682, was of the dual, differential-pressure 
type, with provision for changing the total pressure about 10 percent. 
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The calibration of the flowmeter would not be altered significantly 
by the change in total pressure in these experiments, because the radii 
of the glass capillaries used are large in comparison with the mean 
free path. ; ; — 

It may be well to emphasize that the experimental determination 
of the air permeability with this apparatus does not depend in any 
way upon the Meyer equation, and hence that a large ratio of slip 
coefficient to radius does not imply doubt about the accuracy of the 
determination. The equation was used in the previous work only as a 
means of interpreting the behavior of the paper. The values of A are 
subject to an uncertainty of probably less than 1 percent. The values 
of A’, on the other hand, are probably somewhat more uncertain 
because of the increased difficulties of making the measurements, and 
because of possibly significant changes in testing conditions, such as 
in relative humidity resulting from the change in total pressure. 

Table 1 gives the values obtained for the average effective pore 
radius calculated for 5 different papers by eq 4 from air-permeability 
measurements at two values of total pressure. These results are not 
inconsistent with evidence afforded by the microscope, and appear to 
be very probable values for the order of magnitude of the size of pores 
in paper. The values for the coated papers probably characterize the 
pore structure of the coating rather than of the paper that supports 
the coating. The relatively small air permeability of the bond paper, 
considering the size of its active pores, probably results from a marked 
decrease in the number of active pores, brought about by the plugging 
of most of the smaller passages with the glue sizing, which is normally 
concentrated near the surface in a bond paper. 


TABLE 1.—Average effective pore radius 
{Calculated from air-permeability measurements at two values of the total pressure, that is, for two values 


of the slip coefficient) 





Air permeability in 
_om #/se¢_ 
m ? (g/em 4) 





Aatlatm | A’at0.0 atm 





Double-coated book paper 
Single-coated book paper. 
Ledger paper 
Machine-finished book paper 
Bond paper 














5. CONCLUDING REMARKS 


It is not unlikely, as is suggested by the work of some of the investi- 
gators mentioned previously, that the effective size of the pores may 
be different for the three primary axes of paper. The results in table 
| are for flow normal to the plane of the sheet. It should not be 
difficult to devise an apparatus, making use of a mercury envelope, 
such as has been used le Stull and Johnson [18], with which air- 
permeability measurements at different pressures could be made in 
the lengthwise direction of strips of paper. 
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Although the method which has been outlined is applicable a; 
ordinary pressures only to porous materials having a limited range of 
sizes of pores, it should be possible to extend the range by operating 
at low pressures, where the mean free path becomes correspondingly 
larger. The experimental difficulties would, of course, be increased 
and a number of variables would come into more prominence. 

With improvement in apparatus and technique, the slip-coefficient 
method of estimating pore size should be not without promise among 
the several less direct methods of approach which are available to 
investigators interested in learning more about the structural char. 
acteristics of paper and other porous materials. 
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QUTDOOR EXPOSURE TESTS OF ELECTROPLATED 
NICKEL AND CHROMIUM COATINGS ON STEEL AND 
NONFERROUS METALS 


By William Blum and P. W. C. Strausser ! 


ABSTRACT 


This paper includes the results and conclusions of extensive atmospheric 
exposure tests conducted since 1936 through cooperation of the American Electro- 
laters’ Society, American Society for Testing Materials, and the National 
Bareaa of Standards. Exposure tests of coatings of copper, nickel, or chromium, 
or ecmbinations of these metals, plated upon steel, copper, brass, zinc, and 
zinc-base die-castings were made in six locations. The thickness of the nickel 
layers was found to be the most important factor in the value of the coatings 
for protection against corrosion. 
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' Formerly Research Associate at the National Bureau of Standards, representing the American Electro- 
platers’ Society. 
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I. INTRODUCTION 


In 1932, atmospheric exposure tests of plated coatings on steel were 
initiated by a joint committee of the American Electroplaters’ Society, 
American Society for Testing Materials, and National Bureau of 
Standards.? In 1936, similar tests were started with plated coatings 
on various nonferrous metals,* and in 1938 these were supplemented 
with some additional coatings. In the 1936 and 1938 exposures, some 
new plated steel specimens were also included in order to confirm and 
extend the earlier observations on steel. This paper summarizes 
the results obtained in these tests since 1936. While some of the speci- 
mens may be exposed for longer periods, especially in the milder loca- 
tions, it is believed that subsequent observations upon them will not 
materially alter the conclusions based upon the exposures up to the 
present time. 

II. PREPARATION OF SPECIMENS 


1. BASIS METALS 


All of the specimens were flat sheets or plates 4 by 6 in. (10 by 
15 cm). Most of the rolled metals were No. 22 gage (0.031 in., or 
0.78 mm), and the cast metals were from 0.1 to 0.2 in. (2.5 to 5 mm) 
ope The types and compositions of all the basis metals are listed 
in table 1. 


2 W. Blum, P. W. C. Strausser, and A. Brenner, Protective ralue of nickel and chromium plating on stetl, 
J. Research NBS 13, 331 (1934) RP712. 

P. W. ©. Strausser, A. Brenner, and W. Blum, Accelerated tests of nickel and chromium plating on steel. 
J. Research NBS 13, 519 (1934) RP712. 

W. Blum, P. W. C. Strausser, and A. Brenner, Corrosion protective value of electrodeprsited zine and cat- 
mium coatings on steel, J. Research NBS 16, 185 (1936) RP867. 

3 Report of joint committee, Proc. Am. Soc. Testing Materials 36, pt. 1, 212 (1936). 

‘ Report of joint committee, Proc. Am. Soc. Testing Materials 38, pt. 1, 250 (1938). 





Composition of base metals 


TABLE 1. 
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2. PREPARATION FOR PLATING® 


The basis metals were received from the manufacturers with one or 
both sides polished, and generally were not subjected to further 
polishing. However, the zinc-base die-castings were given a light 
“color buffing” to remove the slight tarnish that had developed jp 
storage. All specimens were carefully inspected before plating, and 
those with visible surface defects were rejected. 

Before plating the specimens, they were subjected to appropriate 
cleaning and dipping operations. In general, the specimens were 
subjected to the following cycle of operations: (1) removal of grease 
with organic solvents, (2) cathodic cleaning in an alkaline solution 
(3) rinsing in water, (4) dipping in acid, and (5) rinsing in water. |j 
the first plating was to be done in a cyanide copper solution, the 
rinsed epee were dipped into a solution containing 30 g/liter 
(4 oz/gal) of sodium cyanide and again rinsed. The conditions used 
in these operations are given below. 


(a) USE OF ORGANIC SOLVENTS 


The 1936 specimens were merely dipped into carbon tetrachloride, 
The 1938 specimens were cleaned in a vapor degreaser with stabilized 
trichloroethylene. 

(b) CATHODIC CLEANING 


The solutions and conditions for cleaning each basis metal are listed 
in table 2. A small amount, about 0.1 g/liter, or 0.01 oz/gal, of liquid 
soap was added to each cleaning solution to reduce the formation of 
spray. 


TABLE 2,—Cathodic cleaning of metals 





Solution composition " 0 
‘emper- urrent den- 
Basis metal ature sity 


NasCOs NasPO, NasSiOs 








g/liter| oz/gal| g/liter| oz/gal o2z/gal 
Steel and iron 30 4 30 4 
Copper and brass. - 15 15 2 
Zinc alloys 23 23 3 
Buffed nickel......)| 15 15 2 


°C 
90 
90 
90 





75 









































(1) Steel and iron.—Each metal was dipped into the acid designated 
in table 3 for a period sufficiently long to produce a slight visible 
etching. After pickling the cast-iron specimens they were scrubbed 
with pumice and water to remove any loose graphite. 

Sets 102 and 182 were pickled cathodically in 2 N sulfuric acid (7.5 
fl oz/gal) at 50° C (120° F) for 2 minutes at 2 amp/dm? (19 amp/ft’). 
Lead anodes were used. 

(2) Copper and brass.—In general, the copper and brass specimens 
were cleaned in the solution designated in table 2, rinsed, dipped into 
1 N hydrochloric acid (13 fl oz/gal) at room temperature, and rinsed 
again. 

+P, W. C. Strausser, Monthly Rev. Am. Electroplaters’ Soc. 28, No, 10, 23 (1936). 
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TaBLE 3.—Pickling of steel and iron 





Composition of solution 





Sulfuric acid Hydrochloric acid 
Basis metal Temperature 





Com. acid Com. acid 
H3S0O, 05765 af gr 





g/liter | fl oz/gal 
Cold-rolled steel I 98 : 
Cold-rolled steel II 98 : 


spring steel III Be: 25 || ee 
Gray east iron IV. : 98 - 




















Malleable cast iron V  f cee 





Instead of being dipped into hydrochloric acid, two sets (C 3 and 
B 43) were etched anodically in ammonium citrate. The ammonium 
citrate solution was prepared by neutralizing 50 g of citric acid with 
ammonium hydroxide, adding 20 g of citric acid, and diluting to 1 
liter. Etching was conducted at room temperature for 1 minute, 
with an anodic current density of 1 amp/dm? (9 amp/ft?). 

On sets B 6, B 45, B 54, and B 55, anodic etching was conducted at 
room temperature in N sulfuric acid (3.5 fl oz/gal) for 2 seconds at 1 
amp/dm? (9 amp/ft?). Even this short treatment sometimes left a 
dark film on the surface, which was removed by swabbing with water. 

One set of brass (B 59A) was dipped for 2 seconds into a “bright 
dip” of the following composition: 





Bright dip mi/liter | fl oz/gal 





Sulfuric acid, H,SO, (sp gr 1.84)___-_| 530 68 
Nitric acid, HNO; (sp gr 1.42) 160 20 
Hydrochloric acid, HCl (sp gr 1.19) - - .8 st 
Water, H,O 320 40 

















Even this short dip etched the surface so much that the nickel deposits, 
after buffing, were not as bright as the regular buffed-nickel coatings. 

The nickel-brass specimens were prepared like the brass except 
that, after the alkaline cleaning, they were scrubbed with pumice 
and water. When chromium was to be deposited directly on the 
nickel-brass, the metal was dipped into 2 N sulfuric acid (7 fl oz/gal) 
instead of into hydrochloric acid. 

(3) Zine and zinc-base die-castings.—After cleaning and rinsing the 
1936 specimens, they were dipped into 0.5 N hydrochloric acid (6 fi 
oz/gal) until effervescence just started over the entire surface. For 
rolled zine, this required about 2 seconds; for die-casting XXI, 3 
seconds; and for III, 5 seconds. 

The 1938 specimens of XXI and XXIII alloys were dipped for 25 
seconds into 0.7 N sulfuric acid (2.5 fl oz/gal). 


ania} W. Hothersall, The adhesion of electrodeposited nickel to brass, J. Electrodepositors’ Tech. Soc. 7, 115 


218089-—-40-——-6 
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3. CONDITIONS USED IN PLATING 


The plating baths and operating conditions are listed in tables 4 
to 7. The specimens were held in racks so designed that, excep; 
near the edges, the thickness of each deposit was uniform within +; 
percent, as determined by microscopic and magnetic measurements 
As this distribution is more uniform than that generally attainab|, 
in commercial plating, the results of the exposure tests apply approxi- 
mately to the minimum and not the average thicknesses of plating 
on commercial articles. ; 

(a) NICKEL PLATING 


The conditions used for the ‘‘standard”’ and “high sulfate’’ nicke| 
baths are listed in table 4. 


TABLE 4.—Compositions and operating conditions of nickel baths 
COMPOSITION 





| “Standard” nickel bath “High-sulfate’’ nickel bath 





M g/liter o2/gal M gililer | oz/gal 
Tete" 200 27 erm 75 ! 


Nickel sulfate, NiSO4.7H,0-__- . 
Nickel chloride, NiCl3.6H30-. -- . ee 
ee: © oe ee eee. ee ee 
eee eee eee Eee eee bedded 
Boric acid, HyBOs_._- : D Beganusan i 
| 


OPERATING CONDITIONS 











Tempera- 
ture 


Type of operation pH ae. Current density Current density 








amp/ amp/ 
°C 
Standard 5. i 4 22 

With air agitation " ‘ re 
With low pH-__-.....-- 
Over Cu deposit...............| & 4,7) = 
Over high-sulfate Ni...._.._--- q ee Sacdeos 
Strike (45 seconds) _........--.-- 5. 5. 22 



































In 1938, specimens were plated at the National Bureau of Standards 
from four proprietary ‘bright nickel” baths. The compositions of 
the baths were undisclosed, but the plating was done under the super- 
vision of representatives of the companies that supplied the baths. 
The specimens from the four baths were mixed and were exposed and 
inspected without identification. The results for bright nickel 
therefore represent a composite of the four types used. 

In 1938 several sets of zinc-base die-castings were plated in pr- 
prietary bright nickel baths in three commercial plating plants. The 
specimens from the three plants were mixed, exposed, and inspected 
without identification. 

(b) COPPER PLATING 


The acid copper bath and the two cyanide copper baths are de- 
scribed in tables 5 and 6. 


TaBLE 5.—Composition and operating conditions of acid copper-plating bath 





Composition ber Current density 





N | g/liter fl oz/gal oF 
Copper sulfate, Cu80O4.5H:0 2 250 33 95 
Sulfuric acid, HsSO.4 1.5 75 ; 95 
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pH 
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Cu 
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TapLE 6.—Composition and operating conditions of cyanide copper-plating baths 
COMPOSITION 


: vanide, CUuCN 
Copper cy NOON. ..-..-.555 


F Total sodium cyanide, 


Free sodium cyanide, NaCN_...-..-..--. ae 


Sodium carbonate, NazCOs 
uae galt, NaKC4H106.4H30__..- 


“Standard” cyanide (used 


“Rochelle salt” (used 


in 1936) 





N 

0. 25 
- 65 
15 
. 30 


g/liter 
23 


oz/gal 
3 


OPERATING CONDITIONS 


N 

0. 33 
75 
. 09 


in 1938) 





g/liter 02/gal 
30 4 








pH (glass electrode, uncorrected) _____- 


Temperature 


Current density 


(er 


amp/dm_... 
amp/ft?_.._. 





- 60 
- 32 





(c) CHROMIUM PLATING 


The conditions used in chromium plating are listed in table 7. 


TaBLE 7.—Composition and operating conditions of chromium-plating bath 
COMPOSITION 





Chromic acid, CrOs 
Sulfuric acid, HsSO«4 


N 
"0.05. 


OPERATING CONDITIONS 


g/liter 
250 
2.5 


avdp o2z/gal | fl oz/gal 
33 


0.19 








Type of operation 


Temperature 


Current density 





On brass or nickel 
Directly on zine, ‘‘warm’”’ 
Directly on zine, “cold” 


°F 


amp/dm* 
16 


18 
10 


amp/{t? 
150 


170 
93 














4. BUFFING 


All of the plain nickel coatings and about half of the bright nickel 
coatings were ‘‘colored”’ on “loose bufi’”’ cloth wheels with commercial 
buffing compounds. A few of the copper coatings (indicated in the 
tables) were also buffed. The direct chromium coatings were ‘‘col- 
ored” on a sewed buff and were finished on a loose buff. The loss in 
weight by buffing (usually 5 to 10 percent of the coating) was deter- 
mined in trial runs, and was taken into account, so that the buffed 
deposits had the specified thicknesses (within +5 percent). 


5. SCHEDULE OF DEPOSITS 


The compositions and thicknesses of the deposits are listed in tables 
8, 9, and 10. The specimens comprising those sets with no letter 
following the serial designation number were plated and exposed in 
1936, and those with such a letter were ciated and exposed in 1938. 
Many of the latter sets duplicated earlier ones. In these tables and 
throughout the text, the term “standard,” as applied to a bath or 
deposit, merely designates a basis for comparison and is not an evi- 
dence of superiority. 
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TABLE 8.—Plated coatings on steel and iron 





Basis metal 


Coating 





Composition 





Cold-rolled 
tee! I. 








Ni GutGy), Ni, Cr.|; 


Cus(Cy), Ni, Cr... 





Thickness 





Variations 

















Standard Ni, 


Standard Ni, Cr, 


Cathode pickle. 
Thickness of Ni. 
Cu layer. 
Bright Ni. 
Acid-Cu layer. 
Cyanide-Cu layer 
Acid-Cu thickness, 
Final Ni thin. 
Thickness of Cr, 
Do. 


Do. 

Air-agitated Ni bath, 
Different steel. 
Cathode pickle. 
Cu layer. 

right Ni. 
Different steel). 
Cyanide-Cu layer. 


Cu flash. 


Thick Cu. 
Cu flash. 


Thick Cu. 


[Vol iH 





® These copper coatings were buffed. 


TaBLE 9.—Plated Coatings on Copper and Brass 





Basis metal 


Coating 





Thickness 





Variations 





bs} Jo -fo-fo-Jo-]>-Jo-Jo-]--]--]--]--]--]o-]o-]--]o-]o-]--]--]--]-- O10 1@ 10) 





“Gatey, Ni, Cr.- 


Ni, 





® These Cr layers were buffed. 














Standard. 


00002} Thickness of Ni. 


Citrate anodic etch. 
Direct Cr. 


Standard. 
Thickness of Ni. 


Do. 
Thickness of Cr. 
Cu flash. 
HS 0x, anodic etch. 
Direct Cr. 

dard. 
Cu flash 


Cc 
Direct Cr. 
Standard. 


Bright Ni. 
No organic degreaser. 


Thickness of Ni. 
Thickness of Cr. 
Tiuickness of Ni. 





NNNNNN N RAN NN NONN 


Blu! 
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Tama | 9. Plated Coatings on Copper and aentitintminmeen 





Coating 





Basis metal Thickness Variations 
Composition 





Ni 





} Ks in. " 
__.| Rolled bigh-brass X- Rees 0.0005 |0. Bright Ni. 


Thickness of Cr. 
Thickness of Ni. 
Thickness of Cr. 


No chromium. 


ey | eens eee P Direct Cr, thin. 
Cu(Cy), Ni, Cr. ..| 0. ‘ : wat Ou flash. 
Cu(Ac), Ni, Cr.- ; J ‘ Acid-Cu flash. 

Ni, Cr Es aes Nickel, 1 not buffed. 

Citrate anodic etch. 

Direct Cr, thick. 

HS QO, anodic etch. 

Low pH Ni. 


} say ; , Thickness of Ni. 


Air-agitated Ni bath. 
Standard. 

Direct Cr. 

HS 0, anodic etch. 
H280, anodic etch; low 


pH, Ni 
nates high brass X_|_.__. voanellee : Thickness of Ni. 
a. *oapey: . ee Do. 
* TR TERE Pree Ee ‘ Thickness of Cr. 
i ee Sona one ateuneeledocen a 5 Brass bright-dipped. 


Direct Cr. 
Thickness of Cr. 


Do. 
Thickness of Ni, Cr. 
Standard. 
Direct Cr. 
— of Cr. 


‘ Sa chante - 0. 
“Gatey), Ni, Cr...| . f ; Copper flash. 
PRP Ra cakudaccens ‘ : Standard. 





1. 
2. 
Bia 
aia 
5 


N 
N 
N 
N 
N 5... 
Nil 
N12 
N 13.. 
N14 
Ni 




















* These chromium layers were buffed. 


TABLE 10.—Plated coatings on zinc and zine-base die castings 


H, high sulfate nicke! bath: 8, standard nickel bath 





Coatings 





Basis metal Thickness Variations 
Composition 





Ni 





in. in. 

‘ meer zinc XIV. ' 7 Standard. 

y do 0003 |. Thickness of Ni. 

a of Cr. 
0. 


Duplex Ni. 


Cu layer. 
Standard. 


Duplex Ni. 


Thickness of Ni. 


Cu layei 
Thickness of Cu, Ni. 
Direct Cr, cold. 
Thickness of Ni. 

. 0005 Standard Ni. 
cae | ‘ Thickness of Ni. 


* These Cr and a anne werejbuffed. 
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TaBLE 10.—Plated coatings on zine and zinc-base die castings—Continued 





a 


Coatings 





Basis metal Thickness Variations 
Composition 








Zincalloy XXIII 3 Standard Ni, Cr, 


Thickness of Ni, 

Thickness of Cr, 
Do. 

Direct Cr. 

Direct Cr, cold, 

Standard duplex Ni. 


Thickness of Cr, 

Thickness of Ni. 
Do. 

Standard Cu, Ni, Cr, 

Thickness of Cu, Ni. 


.| Cus(Cy), Ni(S), Cr___| . ‘ P Do. 

_| Cu(Cy), Ni(S), Cr_. J 4 , Ratio Cu/Ni. 

NG. }, CalCy), Ni : Intermediate Cu layer 

A ae Z ; Thickness of Ni. 

ae ee is . Do. 

.| Cus(Cy), Ni(S), Cr_..| . 0008 x P Thickness of Cu, Ni. 
Cus ‘ . No Ni 


u »ir 0 ° 
Ni(HS), Cr Thickness of Ni. 
Ni(H8), Ni(8), Cr__.- -0003 |). Standard duplex Ni, 


Cu(Cy), Ni(S), Cr....|. J J Standard Cu, Ni. 
Cu(Cy), Ni(B), Cr_..}. : ' Bright Ni. 
do d ; a Bright Ni in commer 
cial plants. 
Thickness of Cr. 
Do. 


NNNNNNNN 


~ tn ee ee 


Z 
Z 
Z 
Z 
Z 


SSseas 


a ‘ < ‘ Do. 
Zinc alloy XXI-- ‘ : ; Different Zn alloy. 
do 7 J ‘ Bright Ni. 
J Bright Ni in commer. 
cial plants. 























*® These Cr and Cu layers were buffed. 


III. ATMOSPHERIC EXPOSURE TESTS 
1. CONDITIONS OF EXPOSURE 


Five specimens of each set were exposed in each of six locations: 
Key West, Fla.; New York, N. Y.; Pittsburgh, Pa.; Sandy Hook, 
N. J.; State College, Pa.; and Washington, D. C. The racks were 
located as described in NBS Research Paper RP712, page 336, except 
that in Pittsburgh in 1938 the new specimens were exposed on the 
roof of a Bureau of Mines’ Building. Although the atmosphere there 
is somewhat less contaminated than at the former location on Brunot’s 
Island, it still represents a severe industrial exposure. The racks and 
mounting were the same as in the previous exposure tests (Research 
Papers RP712 and RP867). 
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2. METHOD OF INSPECTION AND RATING 


In the previous exposure tests, each inspector assigned to each 
specimen & numerical rating from 0 to 5, based upon the percentage 
of the surface that was rusted. In the tests here described, this scale 
was applied to coatings on nonferrous metals, taking into account all 
evidences of failure, such as light or dark stains, blisters, cracks, and 
peeling, to each of which equal weight was given. 

The ratings of the steel specimens exposed in 1936 were based upon 
rust only and were therefore directly comparable with those reported 
in previous papers. In order to make the ratings of coatings on steel 
also comparable with those on the nonferrous metals, in the 1938 
exposures the steel specimens were rated separately for (a) rust and 
(b) all defects including rust. The results obtained by the two 
methods of rating were nearly alike, which indicates that in 1938 the 
rusting was the predominating cause of failure. In some of the earlier 
tests on steel, when a greater variety of coatings was included, con- 
siderable blistering and peeling were observed, which were reported 
but were not taken into account in the numerical ratings and scores. 

The scores were obtained by multiplying the average rating during 
each inspection period by the number of weeks in that period. The 
“total scores” were then converted to ‘‘percentage scores’; that is, to 
the percentage of a perfect score for the total period of exposure 
involved. In this system the results in different locations are directl 
comparable, even though the periods of exposure may not be identical. 
The relation of these numerical values is given in table 11, which 
shows that this scale is not a linear, but a roughly logarithmic function 
of the proportion of the surface that is Seeder . 


TABLE 11.—System used for rating of the specimens 





Proportion of surface with Proportion of surface with 
rust or other defects Corre- rust or other defects Corre- 
sponding sponding 
score score 
Range Range Average 











% % % 

100 C casepencsios 2 40 
80 : 20 
60 0 





























_ During the last series of exposures, E. M. Baker’ suggested that, 
in addition to the numerical ratings, each inspector should indicate 
whether, in his opinion, the specimens were still “satisfactory” as 
judged from the standpoint of a user. Such a system might permit 
a decision as to how long a certain coating would give good service 
under the prevailing conditions. In effect, it gives each inspector 
an opportunity to weight the different types of failure according to 
his opinion, instead of giving equal weight to all kinds of failure. 

It was possible to apply this supplemental rating at only two in- 
spection periods, and after many of the specimens had obviously 
failed. Therefore the data obtained are not valid evidence of the 


"University of Michigan. Private communication. 
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possible value of the method if it had been applied throughout th, 
exposures. Most inspectors reported as “unsatisfactory” thoy 
specimens with a rating of 3 or less. In a few cases, specimens wit) 
a rating of 4, but with a single conspicuous defect, were also reporte 
as “unsatisfactory.” These few observations indicate that th 
numerical system of rating yields a good measure of quality, although 
it may not record minor differences. In any similar future test 
Baker’s plan may well be given a more thorough trial as a supplemen; 
to the numerical ratings. 

Exposure tests of plated coatings in one or more locations canno} 
be expected to yield absolute figures for the protective value of various 
coatings in service, as service conditions may involve various factors 
that are either not present, or are not present in the same degree jp 
the exposure tests. The exposure data are useful chiefly for indicating 
the relative value of various coatings, and especially their order o{ 
merit. 

In interpreting the data it is necessary to estimate their reproduci- 
bility; that is, the a tem of differences that are likely to be 
significant. Analysis of the thousands of ratings made by different 
inspectors at different locations and at various periods indicates that 
the five specimens of each set were very uniform in behavior. It was 
very unusual for one specimen to differ by more than one point from 
the others of that set, that is, to influence the average by more than 
about 0.2 point. The ratings of any one of three or more inspector 
for a set seldom differed from their average by more than one point. 
The averages were probably reliable to 0.5 point, which is 10 percent 
on the scale. In a series of inspections, any tendency for one person 
or group to mark high or low would not affect the relative scores of 
the sets at that location, although it might influence the comparative 
values at different locations. From all considerations, it is believed 
that the final percentage scores are consistent within +10 percent. 
Therefore no major conclusions have been based on differences of 
less than 10 percent from the average, although consistent smaller 
differences may be valid evidence of trends in the results. 

In tables 12 to 24 are recorded the percentage scores of each set in 
each location and the average for each set in the six locations. For 
groups of comparable coatings, for example those with the same thick- 
ness but differing in the basis metal or method of application, the 
average scores have also been co.aputed. Each score that differ 
by more than 10 percent from the average of comparable scores is 
marked with an ‘*’’. The average deviation from the mean value for 
each group is indicated after each mean, for example 54+5 percent. 
The fact that most of these average deviations are less than 10 percent 
shows that the effects of many of the variables studied were less than 
the reproducibility of the observations. 


3. USE OF COLOR PHOTOGRAPHY 


Although the numerical system of rating yields very useful con- 
parisons of the coatings, it does not furnish a permanent objective 
record of their appearance at any given inspection. In an effort to 
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obtain such a record, color photographs were made of many of the 
specimens in the different locations.’ ‘The results showed that although 
color photographs are much more informative than black and white 
pictures, they do not record the same appearance that is seen by the 
eve. It was especially difficult to obtain authentic pictures of mirror 
surfaces, which reflected the sky or other surrounding surfaces. The 
results to date may be considered as purely exploratory, but they are 
sufficiently promising to warrant a thorough study in any future 
tests, including means of securing more uniform illumination. 


4. EFFECT OF CLEANING THE EXPOSED SPECIMENS 


The scores listed in the tables are based on the appearance of the 
specimens during continuous exposure, with no treatment except 
light brushing to remove loose dust. Especially in New York and 
Pittsburgh, sufficient dust and soot adhered to the specimens to 
prevent accurate estimates of the extent of corrosion or tarnish. In 
some locations the corrosion products spread over the surface and gave 
misleading results. 

To determine the true condition of the surfaces, one specimen of 
each set was cleaned with water and fine tripoli after 1 year’s exposure. 
In the four severe exposure sites (Key West, New York, Pittsburgh, 
and Sandy Hook), the cleaning improved the ratings on iron and steel 
by about one point, for example from a rating of 2 to a rating of 3, 
on copper and brass by about two points (somewhat more on nickel- 
brass), and on zinc by about one point. These results show that on 
exposure the plated brass is less deeply corroded than is the steel or 
zinc. Within a few months the cleaned specimens had about the same 
ratings as those not cleaned. The cleaning should therefore be con- 
sidered merely as an aid to inspection and not as a preventive of 
failure. At best, it is difficult to apply any cleaning procedure uni- 
formly, especially by different persons in various locations and at 
different seasons, and hence cleaning was not included in the regular 
inspections. 


5. EFFECT OF A GREASE FILM APPLIED TO THE COATINGS 


The widespread and generally beneficial use of a grease or wax film 
on plated parts of automobiles might lead one to consider such a 
treatment as a panacea for defective plating. To throw light on this 
question, one or two specimens of each set were given a thin film of 
petrolatum by brushing the surface with a 2-percent solution of 
petrolatum in mineral spirits. (Prior to use, both materials were 
tested by standard methods and found to cause no tarnishing of 
copper.) As the resultant thin grease film (about 0.000005 in.) 
tended to hold dust, the surface was wiped with a dry cloth prior to each 
inspection, and a new film of grease was applied after the inspection. 

he results showed that, in general, the ratings of the greased 
specimens were about one to two points higher than those of the 
ungreased, that is, 10 to 20 percent less of the surface had failed. 


» C. A. Vincent-Daviss and W. Blum, The use of color photography for recording the results of exposure tests, 
Monthly Rev. Am. Electroplaters’ Soc. 24, 818 (1937). 
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The sets were usually in the same order; that is, specimens with jp. 
ferior coatings (for example, with no nickel under the chromium) 
failed most rapidly, whether greased or not. However, in a few sets 
especially in marine locations, the greased specimens failed mop 
—T than those without grease. It is possible that any salt ab. 
sorbed by the dust on the greased specimens was not as readily 
removed by rain as the salt on the other specimens. ; 

The petrolatum solution was used because it produced a transparent 
film of fairly uniform thickness and entered the pores. A suitable 
wax mixture might have yielded better or more prolonged protectioy 
but it would have been more difficult to apply uniformly. 

a a grease or wax film is prodbe advantageous, it does 
not justify the use of thin or porous coatings. Especially in marine 
locations, it should be frequently removed and renewed. 


IV. EFFECTS OF ATMOSPHERIC EXPOSURE 
1. EFFECT OF ENVIRONMENT 


Of the six locations, State College and Washington may be cun. 
sidered as mild exposures, Key West and Sandy Hook as marine, and 
New York and Pittsburgh as industrial. In the mild locations only 
those sets that were very poor elsewhere showed marked failure, but 
most of the others had scores of 90 percent or more even after 2 years 
of exposure. In the following tables, data are included for each loca- 
tion. The principal conclusions are based on the average of the six 
locations, which represents, at least roughly, an average condition of 
outdoor exposure, such as miscellaneous plated articles might be 
required to withstand. For certain coatings, or for special purposes, 
the data for a particular type of exposure may be of more interest 
than the average of all locations. 


2. PROTECTIVE VALUE OF COATINGS 


The following conclusions are based principally upon exposures of 
the 1936 specimens for 2.2 years (except in Pittsburgh, where prac- 
tically all of the specimens had failed within 1 year), and of the 1938 
specimens for 1.3 years. 


(a) ON STEEL 


The data obtained with coatings on steel are summarized in tables 
12 and 13, from which the following conclusions are drawn regarding 
effects of the specified variables. 

(1) Effect of thickness of nickel (plus copper)—As only two totil 
thicknesses (0.001 and 0.002 in.) were included, their average results 
(54 and 77 percent) merely confirm the increase in protective value 
with thickness of coating that was reported in Research Pape 
RP712. 





2S 


ABLE 12.—FEffeci of variations in thickness of nickel (plus copper) on steel and iron 
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(2) Effect of preparation for plating—No significant effect on pro- 
tective value was produced by cathodic pickling (S102 and S182) 
upon the extent of rust, but observations not included in the tables 
show that there was more tendency for the formation of small blisters 
in the coatings on the cathodically pickled steel. 

(3) Effect of method of nickel plating; (a) Air agitation—The use 
of air agitation (S 175) in the nickel bath had no significant effect. 

(b) Bright nickel—The proprietary “bright nickel’ deposits (table 
13) yielded, on the average, at least as much protection as plain 
nickel, but showed slightly more tendency to crack. On all three 
types of basis metal there was much more variation in the quality 
of the bright nickel than of the buffed plain nickel coatings. Evi- 
dently some of the bright nickel deposits were superior and others 
were inferior to comparable plain nickel deposits. As the different 
bright nickel coatings were not identified, only their average per- 
formance can be reported. (These and other comparisons of bright 
nickel in this paper refer only to the coatings from the four solutions 
used in 1938 for this investigation, in which improvements may since 
have been made.) 

(4) Effect of a copper layer—The data in table 12 indicate that in 
four sets (S 1138, S114, S171, and S192) with a total thickness of 
0.001 in., the presence of a copper layer consistently gave scores 
slightly (7 percent) below the average. This effect was less evident 
with the 0.002-in. coatings. This result is consistent with those 
reported in RP712, and indicates that even in relatively thick deposits 
on steel a copper layer does not have a protective value equal to that 
of the same thickness of nickel. 

(5) Effect of thickness of chromium—The results in table 12 with 
sets S172 and S 173 show that a greater thickness of chromium than 
the customary 0.00002 in. adds materially to the protection against 
corrosion, as was reported in RP712. Some cracking of these thick 
chromium coatings occurred, but not nearly so much as with thick 
chromium coatings over nickel on brass. 

(6) Effect of the basis metal—lIn general (table 12), about the same’ 
protection was afforded by a coating 0.002 in. thick on cold-rolled 
steel, spring steel, gray cast iron, and malleable cast iron. 

The data for cold-rolled steels I and II in table 12 show that the 
latter, which was ‘full cold-rolled’ or “‘satin finish” steel, was about 
10 percent superior to the average (compare S101 and $181). In 
addition, steel II showed somewhat less tendency to blister on the 
specimens cathodically pickled (S 102 and S 182). However, no such 
differences in these two steels were observed (table 12) in 16 months’ 
exposure of 1938 specimens (S 101A and S 181A). These few results 
indicate that variations in a given type or finish of steel may be as 
significant as variations of type. 


(b) ON COPPER AND BRASS 


The data in tables 14 to 19 for coatings on copper and brass lead to 
he following conclusions. 
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Strausser 


TapLE 16.—Effect of variations in thickness of chromium over 0.0002 in. of nickel 
on brass 


[Tests started in 1936, total time 2.2 years] 





Percentage scores 
Cr thick- 


ness 
Ww General 
average 











% % 
72 
94 
88 


88 
90 
38 





























Taste 17.—Effect of variations in thickness of chromium over 0.0002 in. of nickel 
on brass 


[Tests started in 1938; total time 1.3 years] 





Percentage scores 


Cr thick- 
Basis metal ness 





General 
average 
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Taste 18.—Effect of variations in thickness of chromium directly on nickel-brass 


[Tests started in 1936; total time 2.2 years] 





T equals total percentage scores 





Cr thick- P 8H 


ness 






























































* Sets differing by more than 10 percent from average of comparable sets. 
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TABLE 19.—Effect of ‘‘bright nickel’’ on brass 
[Tests started in 1938, total time 1.3 years. All on rolled high brass. Cr=0.00002 in. thick] 





Nickel Percentage scores 





Thickness 





in. 



























































A— 1936, 22 YEARS 
B- i938, 18 wid 
” ; 2 3 4 5 6 7 
THICKNESS X 0.000! INCH 
Figure 1.—Effect of thickness of nickel on brass upon the percentage scores. 
Average of 6 locations. All nickel coatings covered with 0.00002 in. of chromium, 


- (1) Effect of thickness of nickel—The scores for the first eight sets 
in table 14 show conclusively that when a relatively thick coating oi 
chromium is applied directly to the copper or brass, with no inter- 
vening nickel, very little protection is furnished against corrosion, even 
in the mild locations. Nickel-brass (N 1 and N 11), which is often 
plated directly with chromium, behaves only slightly better than the 
other types of brass. Table 18 shows that the thickness of the 
chromium applied directly to nickel-brass has little effect. 

Tables 14 and 15 show that as little as 0.00005 in. of nickel prior to 
the customary 0.00002 in. of chromium yields more protection than 
0.0002 in. of chromium alone. The score increases as the thickness 0! 
nickel is increased but by no means proportionally to the latter. This 
is illustrated in figure 1 for all sets in the six locations for the 1936 and 
1938 tests. (Because the scale is logarithmic, the actual reduction 1 
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Strausser 
corrosion by an increase in thickness is greater than is indicated by the 
curves.) Although these and similar curves show clearly the general 
relation between thickness of nickel and protective value, they do not 
iy themselves permit the selection of a certain thickness for a given 
purpose, Which may involve factors other than atmospheric exposure. 
' (2) Effect of preparation for plating —The data in table 14 show no 
effects of anodic etching of the brass upon the protective value of the 
coatings. 

(3) Effect of method of nickel plating—(a) Low pH.—No significant 
effect was produced by the use of low pH nickel baths. 

(b) Agitation with air.—No effect was produced by air agitation. 





70 




















% SCORE 











YEARS 





YEARS 


A- 1936, 2. 
B8— 1938, I. 

















20 





10 20 30 40 50 
THICKNESS CHROMIUM X 0.00000! INCH 


FiaurE 2.—Effect of thickness of chromium over 0.0002 in. of nickel on brass upon 
the percentage scores. 
Average of 6 locations. 


(c) Bright nickel—The data in table 19 indicate that the bright 
nickel gave at least as much protection as plain nickel coatings. 
There was a tendency for the bright nickel on brass to crack but not 
so much as with the thicker bright nickel coatings on steel and on 
ZINC. 

(4) Effect of a copper layer (table 14).—The application of a “flash” 
(less than 0.00005 in.) of copper to brass prior to nickel plating bad no 
appreciable effect except on rolled high brass, where it produced an 
improvement of about 10 percent. 

(5) Effect of thickness of chromium.—The data in tables 16 and 17 
and in figure 2 show that as the thickness of chromium plated over 
(.0002 in. of nickel on brass is increased, a maximum score is reached, 
after which there is a decided decrease in protection. The thickest 
chromium coatings (0.00005 in.) in both series of tests and in all 
locations showed pronounced cracking, which extended through the 
nickel and permitted corrosion of the brass. 
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Although it is not possible to select from these data the optimyn 
thickness of chromium, which is apparently between 0.00001 anq 
0.00003 in., it is certain that 0.00005 in. of chromium is undesirab. 
over the customary nickel coatings (0.0002 in.) on brass. hp 
absence of severe cracking or corrosion with this thickness of chro. 
mium over 0.001 in. of nickel on steel (table 12), or over 0.00075 iy 
of nickel plus copper on zinc (table 23), may be caused by the fact 
that the cracking of the chromium could not extend through thp 

reater thicknesses of copper and nickel. ae 

(6) Effect of the basis metal.—The data in table 16 show surprisingly 
little difference in the behavior of similar coatings on copper ani 
various kinds of brass, including even cast and rolled nickel-brag 
containing 18 percent of nickel. The nickel-brass specimens could be 
cleaned more readily and completely, that is, the tarnish and corn. 
sion were more superficial than on regular brass or on steel or zine, 
This fact and the nearly white color of the nickel-brass where it may 
be exposed by abrasion may justify the use of this alloy for certain 
purposes. As previously noted the application of a coating of nickel 
— to the chromium is as valuable in preventing corrosion of nickel- 

rass as of regular brass. 


(c) ON ZINC AND ZINC-BASE DIE CASTINGS 


The data in tables 20 to 24 lead to the following conclusions: 

(1) Effect of thickness of nickel (plus copper).—Chromium coatings 
plated directly on the zinc, that is, with no nickel layer, yielded almost 
no protection against corrosion. It required about 0.0003 in. of 
nickel to yield any appreciable protection, and the protection increased 
with the thickness as shown in figure 3. 
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Ficure 3.—Effect of thickness of nickel, or of nickel plus copper, over zinc-base 
die-castings upon the percentage scores. 


Average of 6 locations. All nickel coatings covered with 0.00002 in. of chromium. 
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Effect of variations in thickness of nickel (plus copper) on zine and zinc die castings 
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(2) Effect of method of nickel plating; (a) High-sulfate and dup, 
coatings.—It is not possible to deposit satisfactory coatings of nicks 
directly on zine from ordinary nickel baths, such as the “standard ’ 
Adherent nickel may be deposited from the “high-sulfate” bath anj 
if desired, an additional thickness may then be applied from th, 
standard bath to form a “duplex” nickel coating. Comparison 9! 
deposits produced entirely from the high-sulfate bath with the duplex 
nickel deposits shows no significant differences. However, the hich. 
sulfate deposits are usually more brittle than the standard nicke| 
Especially if they are as thick as 0.001 in., coatings from the high. 
sulfate bath deposited on irregularly shaped articles are more likely 
to crack in service than the duplex coatings. 

(b) Bright nickel—The average proprietary bright nickel deposits 
(table 24) including those produced in the three commercial plants, 
were at least as protective as the plain nickel, though there was mop 
cracking of the bright coatings. 

(3) Effect of a copper layer.—Instead of using an initial layer of 
high-sulfate nickel on the zinc, most commercial plants now apply ay 
initial layer of copper from some type of cyanide bath, such as the 
rochelle-salt bath, and follow this with regular nickel or bright nickel, 
The data in table 20 show that with coatings having a total thicknes 
of 0.0005 in. the copper layer furnished no added protection, that is, 
the score was about the same as that with only the thickness of nickel 
that was present (in this case 0.0003 in.). With a total thickness of 
0.001 in. or more, the scores were about the same with and without 
copper; in other words, the copper layer furnished about as much pn- 
tection as an equal thickness of nickel. It is necessary to have a 
appreciable thickness of nickel, at least 0.0003 in., over the copper to 
prevent surface copper stains on exposure. The rating for set Z 5) 
(not in table 20), which had a layer of copper but no nickel under the 
chromium, was low in all locations (as might be expected from the 
behavior of chromium plated directly on sheet copper, table 14). 

(4) Effect of thickness of chromium.—The data in table 22 show little 
difference in seores for 0.00001 to 0.00003 in. of chromium over 0.0005 
in. of nickel on zinc. Table 23 shows that 0.00005 in. of chromium 
over 0.00075 in. of copper plus nickel on zinc has no such detrimental 
effect as was observed with this thickness of chromium over nickel on 
brass. The absence of severe cracking through to the zinc may be 
caused by the greater total thickness of coating and also by the 
greater ductility of the copper layer. 

(5) Effect of the basis metal—Table 20 shows that for comparable 
coatings the rolled zinc was slightly, but consistently, better than the 
die-castings. There was no appreciable difference in the behavior 
of the two types of die-castings. 


V. COMPARISON OF DIFFERENT BASIS METALS 


For certain purposes the choice of both the basis metal and the 
coating may depend upon the thickness of the coating required to 
furnish satisfactory protection on the metal selected. The average 
scores for 1 year’s exposure in six locations with nickel and chromuum 
coatings on the three types of basis metal are plotted in figure 4. If 
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a score of 60 percent, that is an average rating of 3 for the year, is 
ysed as the basis of comparison, this degree of protection requires on 
brass about 0.0002 in. of nickel, on zine and die-castings about 
0.0007 in., and on steel about 0.00085 in. These thicknesses are 
purely relative, but their order would not be changed if another 
criterion, such as a score of 70 percent, were employed. These 
values indicate the relative magnitudes that might be employed in 
specifications for coatings on the three types of basis metal for about 
the same service. 
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FicurE 4.—Effect of thickness of nickel (or of nickel plus copper) on percentage 
scores for 1 year of exposure. 


Average of 6 locations. All final nickel coatings covered with 0.00002 in. of chromium. 


VI. CONCLUSIONS 


1. The most important factor in the protective value of nickel- 
chromium coatings on steel, brass, or zine is the thickness of the 
nickel coatings. 

2. On steel or zine, a layer of copper under the nickel adds little to 
the protective value of thin coatings. With thick deposits, the pro- 
tective value of the composite coating approaches, but does not 
exceed, that of a nickel coating of the same total thickness. 

3. Variations in the methods of preparation and of nickel plating, 
which included the use of four bright nickel solutions supplied in 
1938, had no large effects upon the protective value of the coatings. 

4. Variations in the thickness of the chromium coating from 
0.00001 to 0.00003 in. applied over nickel have very little effect, but 
if it is 0.00005 in. or more, cracking is likely to occur, especially over 
nickel coatings on brass. 





474 Journal of Research of the National Bureau of Standards yy, 


5. Variations between basis metals of a given group have no larg 
effects. A greater thickness of nickel is required to furnish a giyey 
degree of protection on zinc than on brass, and greater on steel thay 
on zinc. 
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for their advice and assistance, to the members of the joint com. 
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THERMODYNAMIC PROPERTIES OF SULFURIC-ACID 
SOLUTIONS AND THEIR RELATION TO THE ELECTRO- 
MOTIVE FORCE AND HEAT OF REACTION OF THE LEAD 
STORAGE BATTERY 


By D. Norman Craig and George W. Vinal 


ABSTRACT 


The heat of reaction in a lead storage cell involves reactions at the positive 
and negative plates and changes in the heat content of sulfuric-acid solutions. 
The latter is a variable factor, depending on the concentration of the solution. 
Newly computed values of the partial molal heat contents have made possible 
more accurate values of the heat of reaction, based on thermochemical data for 
comparison with similar values computed from the best available electrochemical 
data. Good agreement was found. The partial molal heat capacity of sulfuric- 
acid solutions has also been recalculated. Critically selected values of electro- 
motive force and temperature coefficient are given. These include previously 
unpublished values obtained at this Bureau in 1933. The partial molal volumes 
of sulfurie-acid solutions are given for a few concentrations and these are used for 
computing changes in electromotive force with change in pressure. 
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I, INTRODUCTION 


In a previous paper by the authors [1],! it was shown that the 
double-sulfate theory of reactions in the lead storage battery expressed 
by the equation 


PbO,+2H,SO,+ Pbh—2PbS0,+2H;0 


is consistent with the observed amounts of acid consumed and water 
formed when the cell is discharged. The experiments described in 


‘Figures in brackets indicate the literature references at the end of this paper. 
475 





476 Journal of Research of the National Bureau of Standards yx, 


that paper involve no assumptions regarding the correctness or 
applicability of any theory of the chemical reaction. The fgets 
established by experimental work, are (1) that 2.02 +0.03 equivale, tg 
of acid are used, and (2) that 1.96 +0.19 equivalents of water gy 
formed by the passage of 1 faraday of electricity through the cel] jy 
the discharge direction. Thus to a higher degree of accuracy he 
previously attained, the results confirm the double-sulfate theory of 
chemical reactions in the battery. : 

Having established the reaction, thermodynamic reasoning may bp 
used in comparing the heat of the reaction based on thermochemica| 
data with calculations based on electrochemical data. Dolezalek 2 
and others have made such comparisons previously on the assumption 
that the double-sulfate theory 1s correct, but more reliable therm,| 
and electrical data are now available, 

The data given in this paper on the properties of sulfuric acid hay» 
much wider application, however, than to the specific problem whic) 
is discussed. 


Il. THERMOCHEMICAL DATA FOR SULFURIC ACID 
1. RELATIVE HEAT CONTENT OF SOLUTIONS 


The energy changes (heat of reaction) in a storage cell involve qll 
the constituents, including plates, and changes in the heat content 
of the solutions. For the solids, definite values of the heat of forma. 
tion are available, and these values do not vary with the concentra. 
tion of the solution. The variable factor depends on the concentration 
of the solutions, and the calculation of the heat of reaction involves 
the partial molal quantities for the solutions. These are, according 
to the nomenclature of Lewis and Randall [3], 


H,=partial molal heat content of the water, and 
H,=partial molal heat content of the acid. 


The heat content of a particular solution is given by the equation 
H=n,H,+ndlh, (1) 


where n, and 7, are the number of moles of water and acid, respectively. 
If we deal with 1 mole of solution, this equation may be expressed in 
terms of mole fractions, N, and N, of the constituents. 
Since 
mM Ne 


N, ae and ee es and N,+N.=1, 


eq 1 becomes, for 1 mole of solution, 
H=N,H,+N.A. (2) 


Practically, the experimental data from which the partial quantities 
are calculated are based on observations of the heat liberated as 
increasing quantities of water are added to a specified amount of 
H,SO,, for example, 1 mole of H,SO,. These data are given in 4 
table published by Bichowsky and Rossini [4]. However, these 
data are for a temperature of 18° C and require correction factors 
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to convert them to 25° C, if the results of the thermochemical calcula- 
tions are to be compared with observed electrochemical data on 
patteries at 25° C. Dr. Rossini has kindly supplied the corrections 
to convert his published data to 25° C. Furthermore, this is the 
temperature at which measurements in dilute solutions have been 
made recently by Lange, Monheim, and Robinson [5]. 

: Following the nomenclature in a paper by Rossini [6], Heat Contents 
in Aqueous Solutions, the relative apparent molal heat content of the 
colute is designated as &,—®,’, where ®,’ is the apparent molal heat 
content at an arbitrarily chosen concentration. Taking the concen- 
tration H,SO,.400H,0 as the starting point, values of &,—®,’ at 25° C 
were calculated and are given in column 4 of table 1. Those based 
on Rossini’s data cover the range n;=6,400 to n,=0. 


TABLE 1.—Heat content of sulfuric-acid solutions 





Relative apparent mo- I ; } 
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If ,° represents the apparent molal heat content at infinite dilu- 
tion, then 


&,—,°= (4,—®,’) + (@,’—,°). 


The first term on the right-hand side of the equation being known, it 
is necessary to find the value of the second term in order to evaluate 
?,—,° throughout the entire range of concentrations. 
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Plotting on separate sheets, tc the same scale, Rossini’s data fo, 
&,—®,’ and the data of Lange, Monheim, and Robinson [5] for 
&,—®,° against the square root of the molality, for which the reason 
will appear later, one curve may be accurately fitted to the other in 
the range of overlapping values of #,. Then the value, #,’—4,° j 
found to be 5.02 kcal/mole of H,SO,. Adding this to each value of 
,—®,’ in column 4 of table 1, the values of 6,—4,° given in colump 
5 are obtained. These values are the apparent molal heat contents 
of the respective solutions relative to infinite dilution. For concep. 
trations below n,;—6400, the values of &,—,° have been supplied 
from the data of Lange, Monheim, and Robinson. 

When sulfuric acid is diluted with water, the amount of hea 
liberated in passing from any one state of dilution to any other stat, 
of greater dilution can be found at once by subtracting the value of 
&,—®,° for the greater dilution from the value of the same functioy 
at less dilution. A table of the heats of dilution can be readily caley. 
lated by subtracting the successive values of &,—,° from the value 
for 100-percent acid, 23.54 kcal/mole of H,SO,. Concentrated acid 
available commercially, however, is normally 93.19 percent (66° 
Baumé), and if this is used, the heat liberated by diluting it is found 
by subtracting the respective values of &,—,° from the value for 
ap z percent, which is shown by the table to be 20.35 kcal/mole of 

2 4 


2. RELATIVE PARTIAL MOLAL HEAT CONTENTS 


If the heat of the storage-battery reaction is to be calculated from 
thermochemical data, it is necessary to know the heat changes that 
occur when H,SQ, is removed from and H,O is added to an infinite 
amount of solution of some specified concentration, the process 
necessarily being isothermal. This involves the calculation of the 
relative partial molal values for H,SO, and H,O from the experi- 
mentally determined relative apparent molal values. The relation 
between these quantities is expressed by the equation 


$,—0)°=H,— Ho +7" (H,—H,°), 


in which $,—®,° is the relative apparent molal heat content, H,—H,° 
and H,—H,° are the relative partial molal heat contents of H,S0, 
and H,O, respectively. ae) FG Bs 

Formulas for evaluating H,—H,° and H,—H,° are given in eqs 38 
and 39 of Rossini’s paper [6]. The molality being m, these equations 
are 


-— = 1 


d 
H,— H,°=%,—®,° + gia ia (*,—®,°), 
and 4 - 
‘ine m°* 
—_— o— — 
i Hi 2(55,508) dm'? 


The values of #,—®,° being available, the tangents, d(®,—®,°) /d(m"), 
of the curve $,—®,° plotted against the square root of the molality 
can be evaluated. Values of the tangents at the respective points 
are given in table 1. 





(,—®,°). 
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A prism of optical glass was used to obtain the tangents. A narrow 
band of paper having a small hole on the center line was fastened 
across the base of the prism vertically below the apex and parallel 
to it. A plotted point, when viewed from above, appeared as a double 
‘mage through the hole in the paper. The prism was then rotated 
until the two arms of the curve, as viewed from above, were brought 
into coincidence at the apex of the prism. Either triangular face of 
the prism was then parallel to the tangent of the curve at the chosen 
point. To avoid systematic errors, readings were made by two ob- 
servers With the prism in direct and reversed positions. Four or more 
determinations of the tangents were made at each plotted point, and 
these were all in satisfactory agreement. If the curvature was not 
too great, a prism having a base 4.8 by 3.5 cm was entirely satisfactory, 
but for a sharper curvature a smaller prism 2 by 2 cm was preferred. 

In determining the tangents by this method, we are aware of the 
errors which may arise if the prism used is not of a suitable size for 
the particular curve. A too sharp curvature would prevent the use 
of such a method. This was not the case in this work. If one or at 
most a few tangents are to be measured, the method described would 
not be necessary, but in this work hundreds of tangents were measured 
and the use of the prisms made a great saving in time and increased 
the accuracy of the measurements. Another advantageous feature of 
the prisms was the ease and certainty with which the tangents could 
be measured at the required points. 

As a further test of consistency of the measurements, the tangents 
were all plotted on a large scale against the square root of molality, 
and they were found to lie on a smooth curve. No adjustments were 
needed. 

All the data necessary for calculating the partial molal quantities 
being available, the values of H,—H,° and H,—H,° at 25° C were 
tabulated in table 1. The heat capacity of the solutions will be 
treated similarly. 


3. HEAT CAPACITY OF SOLUTIONS 


Other equally important properties of sulfuric-acid solutions are 
the heat capacities and corresponding partial quantities which can 
now be calculated from measured values of specific heat. Having the 
data for both heat content and heat capacity, the thermodynamic 
properties of sulfuric-acid solutions can be calculated for a wide range 
of concentrations and temperatures. 

The method of computing the partial molal heat capacities is essen- 
tially the same as for the heat contents [7]. The basis of the caleu- 
lations is the experimental values of the specific heats reported by 
Biron [8]. In Biron’s original paper, which was published in Russian, 
more determinations are given than those subsequently quoted in 
other publications. Socolik [9] quotes part of the earlier work of 
Biron at 20° and that of Savarizky at 40°, and adds his own work at 
60° and 80° C. There is some uncertainty about the temperature 
applying to the values which he quotes from Biron. Actually, Biron’s 
work was done at about 20° C, but the change in heat capacity with 
change in temperature is small, as shown by a comparison of Biron’s 
values with those of Socolik and Savarizky. In the region of 30 to 40 
percent solutions, the differences are very small. 

218089—40——8 
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The results published by Bode [10], and Pascal and Garnier {\)) 
have also been considered. These are in substantial agreement yiij; 
Biron, but their determinations are far less numerous. The unpub. 
lished results of Taylor [12] for dilute solutions were of material he! 
in drawing the curve of Biron’s data. In addition to these authox 
there are many others whose results may be found in the technic) 
literature. Biron’s data, given in column 4 of table 2, cover the who 
range of concentrations with numerous repeated observations at pyr. 
ticular concentrations, and supply a consistent and comprehensiye 
series of values. Smoothed values are given in column 5 of the same 
table. Although Biron’s experiments are reported for 20° C, they 
apply satisfactorily to a temperature of 25° C. Comparing Biron’ 
results at 20° with those of Savarizky at 40°, the greatest differen 
of 0.01 cal per gram degree occurs in the region 50- to 100-percen 
concentration. At concentrations of less than 40 percent, which 
includes the range for working batteries, the difference for a 2° 
interval does not exceed 0.005 cal per gram degree. The difference 
in specific heats for 20° and 25° C in this range is therefore about 0.00) 
cal per gram degree or less. 


TABLE 2.—Heat capacity of sulfuric-acid solutions 





Partial mola! heat 
capacity of— 
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Having obtained smoothed values for Biron’s published data, the 
apparent molal heat capacity, &., was calculated. Letting c, repre- 
sent the heat capacity of 1 g of solution (Biron’s smoothed data), 
and ¢,° the heat capacity of 1 g of water, which is unity by definition, 


100 
i “ (cy—cy°) +98.076¢," 


Values of ®, are given in column 6 of table 2._ These were plotted 
against the square root of molality and against the mole fractions for 
ranges of concentration indicated in table 2. The values of the 
tangents shown in columns 7 and 8 were obtained by methods pre- 
viously described in this paper. 


4. PARTIAL MOLAL HEAT CAPACITIES 


Having the values of ©, and d®,/d(m'”), the partial molal heat capac- 
ities for H,SO, and for water can be calculated by the following 
equations, respectively: 


7 » db, 
C), =,-+ i( m "mm 


as ie ms? dd 
i we ror 


c 
111.016 d(m')’ 
where C,,° is equal to the heat capacity of 1 mole of water. In the 
range of concentrated solutions, the corresponding equations used for 
calculating values of C,, and C;,, are 


a d®, 
Cn, =,+ NNigX, 


= 5  d®, 
Cy, = C>,° —N2 dNz 


In these equations the mole fractions of water and H,SO, are indicated 
by N, and Ns, respectively. Values for C;, and Ch, are given respec- 


tively in columns 9 and 10 of table 2. 

One of the principal objects of the present work is to compare the 
results of thermal and electrical measurements by the application of 
thermodynamic theory. However, further calculations of the thermal 
properties of the materials involved are deferred until the electrical 
data have been presented and brought to the same point of being 
ready to calculate the heat of reaction electrochemically. 





482 Journal of Research of the National Bureau of Standards {yu 


III. ELECTROCHEMICAL DATA OF STORAGE BATTERIEs 
1. ELECTROMOTIVE-FORCE DATA 


Many determinations of the emf of the storage battery as a functioy 
of the acid concentration have been made. A summary of the values 
reported by nine observers appeared in the second but not in the 
third edition of a book by one of the present authors [13]. Consider. 
able differences between the various determinations are apparent, 
These differences can be attributed in part to uncertainties in (1) 
the electrical units employed by the earlicr observers, (2) the con. 
centrations of solutions, particularly the conversion of degrees Bauné 
to specific gravities or densities, (3) the temperatures at which the 
observations were made, and (4) the condition of the plates, some 
having been removed from the cells and washed. It is perhaps sw. 
prising that the differences, as shown in the table, are not greater, 
Most of the earlier papers are lacking in details which now seem 
essential for evaluating the results. 

After a critical examination of these earlier determinations, those 
of Dolezalek [2], Kendrick [14], Thibaut [15], and Vinal and Altrup 
[13] were selected for inclusion in table 3. Some of these measure. 
ments were made at 25° C, and for the others sufficient data were 
given for calculating the results to 25° C. The mean values for 
these four sets of data are given in column 7 of table 3. 


TABLE 3.—Electromotive force of lead-acid storage cells 


emf at 25° C; calculated from 
electrode measurements 
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In column 8 of table 3 are given the results of a series of measure- 
ments made by the present authors in 1933 on pasted plates. Each 
cell contained two pasted plates which were made in the laboratory, 
using grids containing no antimony. The plates were therefore sub- 
stantially free from local action, and ample time could be allowed for 
equilibrium to be established. Each cell contained a relatively large 
amount of electrolyte, the concentration of which was determined by 
weight titrations. Subsequently the plates were assembled in one 
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cell, which was used for studying the chemical reactions in the lead 
storage battery. The paper on this subject by the present authors 
(1] contains a further description of the preparation of these plates. 

All of the emf measurements were made on a potentiometer, using 
a standard cell connected in opposition. The standard cell was 
compared at frequent intervals with the Bureau’s primary standard 
for the volt. This arrangement had the advantage of bringing all 
the measurements within the range of the potentiometer without the 
necessity of using a volt box, and significant errors in the calibration 
of the potentiometer were avoided. Each entry in the table is the 
mean value of two series of measurements. The first series was 
completed several months before beginning the second series, but the 
results were concordant to within a few millivolts. 

Comparing the NBS values of 1933 with the earlier values, it is 
seen that with few exceptions the NBS values are higher. Although 
the reasons for this are not certainly known, it is probable that the 
presence of antimony in the a of plates used in the previous 
investigations resulted in some local action, the effect of which would 
be to decrease slightly the concentration of electrolyte in the pores 
of the plates. Such an effect, if present, must have been much less 
in the NBS experiments of 1933. Commercial plates with antimony 
grids are typical of the lead storage battery, but those without anti- 
mony most nearly represent the conditions for the fundamental 
equation of the battery, as expressed by the double-sulfate theory. 
It is evident from this table that the emf of the lead storage battery 
may be uncertain by several millivolts. 

An independent method of obtaining the emf and temperature 
coeficients is by electrode combinations. Calculations based on such 
measurements have been made, and the emf data are reported in 
columns 9, 10, and 11 of table 3. 

Vosburgh and Craig [16] reported values for cells containing mer- 
curous sulfate and five different preparations of lead dioxide. Com- 
puted values of the emf of the storage battery based on their measure- 
ments are given in column 9 of table 3. The method for doing this 
will become apparent from a more detailed discussion of the NBS 
(1933) measurements on electrodes which were next in chronological 
order. These were made by the present authors on cells of the mer- 
curous sulfate-lead dioxide type. The solutions in the various cells 
covered a range of 6 to 40 percent of H,SO,. The emf measurements 
were made with a potentiometer while the cells were in a thermo- 
statically controlled oil bath regulated to 25° C +0.01° C. 

In constructing the cells, use was made of glass blanks of H-form 
similar to those ordinarily employed in making Weston normal cells. 
Two samples of lead dioxide were used. One of these was prepared 
electrochemically and the other by oxidition of Na,PbO; by bromine 
in an alkaline solution. 

If the emf of these cells, reaction 1 in table 4, is combined with the 
known emf of reactions 2 and 3, the emf of the lead storage battery, 
reaction 4 can be computed by the method indicated in the table. 
The emf of reaction 2 was determined previously by Henderson and 
Stegeman [17] and that of reaction 3 by Gerke [18]. Their values are 
given in table 4, together with their respective values of dH/dT, which 
will be discussed in the following section. 
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Harned and Hamer [19] reported the emf of lead dioxide-hydrogey 
cells containing sulfuric-acid solutions up to 40-percent acid. py 
combining the emf of these cells with the emf of other cells mentionaj 
by them, they calculated the emf of the lead-acid storage cell. Froy, 
a plot of their data, we have read the values given in column 1] of 
table 3. 


TABLE 4.—Electromotive force and value of AE/AT for cell reactions 


[Values of a and 6 are dependent on molality of H:S0, solutions} 





Electromo- | 
Reactions tive force at | 
25° C | 





1. PbO2(c)+2H2S04(m =z) (aq) +2Hg(1)=PbSO4(c) ++He280«(c)+2H20(I) - -- - 
2. Pb(Hg) (sat.)+Hg280s(c)—PbSO i(c) +2Hg(1)--.. 
3. PolQeePitita) Git)... .... 5 ......2....... 


4. PbOs(c)+2H2S0.(m=z) (aq) +Pb(e)=2PbS0i(c) +2H20(1) 








« International volts. 
* This is arounded figure. The author (Gerke) gave 0.000017. 


2. TEMPERATURE COEFFICIENT OF ELECTROMOTIVE FORCE 


In order to calculate the heat of the storage battery reaction from 
electrochemical data, it is necessary to know also the temperature 
coefficient of emf. Of the earlier experimenters mentioned in table 3, 
only Dolezalek [2] and Thibaut [15] measured the temperature co- 
efficients. Their values are given in columns 3 and 4 of table 5. The 
NBS results are also reported in table 5. The values in column 6 are 
mean results of the two series of measurements on pasted plates having 
pure lead grids. 


TaBLE 5.—Change in electromotive force of the lead storage battery with change in 
temperature 





Determinations wi. storage batteries, Calculated from electrode measure-nent:, 
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By following a procedure similar to that described above for con- 
puting the emf from electrode combinations, the temperature coefli- 
cient may be calculated as indicated in the last column of table 4. 





al 
ti 


i eSssft es SSaSa 


cid Energy Relations in Lead Storage Batteries’ 485 
The values thus determined are given in column 8 of table 5. Col- 
umns 7 and 9 of this table give the values found by Vosburgh and 
Craig [16] and Harned and Hamer [19]. 

It is believed that tables 3 and 5 contain the best data available on 
emf and temperature coefficient, respectively, of the lead storage 
battery. ‘The tables show the consistency of measurements made at 
different times and in different places. At most, the differences in 
corresponding values are a few millivolts. These data are of practical 
importance in the operation of batteries, and are used in this paper 
as a basis for calculating the heat of reaction. These calculations 
will be compared with the values calculated from thermochemical 


data. 
IV. HEAT OF THE LEAD STORAGE-BATTERY REACTION 


1. BASED ON ELECTROCHEMICAL DATA 


The thermodynamic relation between the electrical measurements 
and the heat of reaction is expressed by the Gibbs-Helmholtz equa- 
tion, which, for the present purpose, may be written as follows: 


2X96,500/ 
_ 2% 96,500/ 7 7a 
AH 4.1833 ( dT)’ 


where AH is the heat of reaction in calories, 96,500 the value of the 
Faraday constant in international coulombs per equivalent, 2 the num- 
ber of equivalents involved in the reaction, and 4.1833 the conversion 
factor to reduce the electrical measurements in international volt- 
coulombs to calories. Following the custom in thermochemical inves- 
tigations in this country, the calorie used here is an artificial calorie 
defined as equal to 4.1833 international joules. As 7’, the absolute 
temperature, is 298.16° K, the equation becomes 


| dE 
— —46,136( E—298.16% ). 
AH 46,136( 98.105, 


Using the values of E and dE/dT given in tables 3 and 5, the heat of 
reaction, AH, has been computed for the respective concentrations of 
sulfuric acid. The results of these calculations, based on electro- 
chemical data, are given in columns 4, 5, and 6 of table 6. Column 4 
of this table contains values of the heat of reaction based on the mean 
of determinations made on cells prior to 1933. These batteries were, 
it is believed, similar in materials and construction to batteries used 
commercially. In column 5, values for AH are given based on cell 
measurements made at this Bureau in 1933. They differed from the 
other cells of previous experiments in the fact that they contained no 
antimony. Column 6 contains values of AH computed from the mean 
of the electrode measurements. These electrodes are better adapted 
to precise measurements, because the purity of materials can be better 
assured, the temperature can more easily be controlled, and the elec- 
trodes are free from local action, which is more or less inevitable in a 
commercial type of storage cell. 
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TABLE 6.—Heat of the lead storage-battery reaction 


{Comparison of the values calculated from thermal data with those calculated from electrical data,] 





= - | — 
| Differences in heat of reaction 
Heat of reaction (electrochemical) Electrochemical —thermocherp, 
, Lo a hem. 
Specific Heat of - Sw 
gravity, reaction 








set 


25° GC | chemical) | 


3 | 
25° C H2SO4 | (thermo- 
} 


! 
Batteries; | Batteries; | Electrodes; | .,,..4,. | 8 
average | NBS average || Batteries, | Batteries, | Electrodes, 
value 1898 | values value 1929 | a ‘0 | NBS 1933 | 1929 to 
to 1922 1933 to 1935 | 1922 | 1935 











“=85, 92 
—85. 83 
—86. 54 
—87. 97 
—90. 46 
—93, 77 —93. 66 


—95. 57 —95. 25 
—96. 63 




















Average 


« This concentration corresponds to n;==200 moles of H20. 


The results for the electrode measurements are the mean of all the 
results reported in tables 3 and 5, beginning with those of Vosburgh 
and Craig in 1929 and including the later observations made at this 
Bureau in 1933 and the still later measurements of Harned and Hamer 
in 1935. 

The NBS results of 1933 on batteries and electrodes have not been 
published previously, because at that time it was felt that more accu- 
rate determinations were needed to establish the chemical reactions 
occurring in the lead storage battery. The work of Vinal and Craig 
[1] published in 1935 strongly supports the double-sulfate theory, and 
affords the required foundation for comparing the heat of reaction of 
the battery calculated from electrochemical data with the heat of 
reaction calculated from purely thermal data. 


2. BASED ON THERMOCHEMICAL DATA 


In calculating the heat of reaction thermochemically, a dilute 
solution of sulfuric acid, having the proportions of 1 mole of acid to 
200 moles of water was chosen as the starting point. The heat of form- 
ation, AHf, at 18° C, of the various constituents is written beneath 
their respective symbols. 


PbO, (c)-+2[H,SO0,-+200H.O] (1) + Pb(c)=2PbSO,(c)+402H,0(1) 
—65,000  2(—211,500) 0 2(—218,500) 2(—68,370) 


These values are taken from the book by Bichowsky and Rossini [4]. 
From these numerical values, the heat of reaction, AH, is —85,740 
cal. A correction is necessary to convert this to the equivalent heat 
of reaction at 25° C, which is a more convenient temperature. Using 
a correction factor of 45.4 cal/° C for the reaction, as expressed by the 





Craig Energy Relations in Lead Storage Batteries 487 
above equation, the heat of the reaction at 25° C becomes —85,420 
cal. The minus sign indicates that the heat content of constituents 
on the right of the above equation is less than that of those on the 
left, and that heat is evolved in the reaction. 

Considered from a purely chemical point of view, the changes in 
the heat content of sulfuric-acid solutions from one concentration to 
another vary by the amount of heat liberated as the solution is diluted. 
Eventually a point is reached when no more heat is liberated and the 
solution is infinitely dilute and its volume is infinitely great. The 
amount of heat energy liberated by the dilution process may be cal- 
culated from the relative apparent molal heat contents given in 
column 5 of table 1. 

In order to calculate the heat of reaction for an infinitely dilute 
sulfuric-acid solution, this value must be added to this relative appar- 
ent molal heat content of a solution of H,SO,-200H,O. As shown by 
column 5 of table 1, this is 5.41 keal (5410 cal) per mole. Two moles 
are involved, whence —85,420+10,820=—74,600 as the heat of 
reaction at infinite dilution. In a cell, however, the energy of the 
reaction depends on the differential changes in the heat contents, 
that is, upon the relative partial molal heats of the acid and the water. 
Values for these are given in columns 7 and 8 of table 1. At infinite 
dilution these values are zero and the heat of reaction in a cell is 
precisely the same as the thermochemical or calorimetric heat of reac- 
tion. At any finite concentration there is a difference, amounting to 
about 3 keal/mole of H,SO, for a solution containing 40 percent of 
H,SO,. With due regard for the algebraic signs, the heat of reaction 
as it occurs in a storage battery at any finite concentration equals the 
heat of reaction at infinite dilution plus twice the sum of the relative 
partial molal heat contents of H,SO, and H,O. The factor 2 comes 
from the use of 2 moles each of H,SO, and H,0 for each mole of lead 
dioxide. These matters were more fully explained in an earlier part of 
this paper. 


3. COMPARISON OF THERMOCHEMICAL AND ELECTROCHEMICAL 
DATA 


Table 6 gives in parallel columns the heat of reaction calculated 
from thermochemical data and from electrochemical data throughout 
a range of acid concentrations from 2.65 to 39.70 percent. This 
covers the range used in lead-acid batteries. 

The agreement is rather remarkable, considering the numerous 
sources of error. These include errors in determining the heat of for- 
mation of the various constituents and their heat capacities, and the 
errors of graphical methods of determining tangents for computing the 
partial quantities. On the electrochemical side, there are possible 
uncertainties and sources of error in measuring the emf and tempera- 
ture coefficients as well as errors in temperature control. 

The uncertainties about standards of emf and temperature control 
are probably greater in the earlier measurements on batteries, and this 
is perhaps the reason that these are not consistently in as good agree- 
ment with the later NBS measurements of 1933 or with the thermo- 
chemical calculations. One fact, however, seems clearly established, 
namely, that the fundamental chemical reaction, as expressed by the 
equation of the double-sulfate theory, must be correct. To have used 
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any other than 2 moles each of H,SO, and H,O for 2 faradays in the 
calculations would have resulted in large discrepancies. Good agry. 
ment between the heats of reaction based on thermochemical and 
electrochemical data may be regarded as a thermodynamic proof of 
the correctness of the double-sulfate theory. 

The uncertainties in the heat of formation of the solids are probably 
greater than in the case of the solutions, but they are probably no 
more than one or at most a few percent of the heat of reaction of the 
cell. In comparing values for differing concentrations of acid, gny 
error in the heat of formation of the solids becomes a constant facto; 
and the corresponding differences in electromotive force from on 
concentration to another should depend on the solutions alone 
Shankman and Gordon [20] have recently determined the vapor prs. 
sure of aqueous solutions of sulfuric acid. Using their activities of 
water and their activity coefficients of H,SO, for molal concentrations 
of one and six and interpolated values from column 10, table 3 of this 
paper, for corresponding concentrations, the differences in emf wer 
found to be: 


Shankman and Gordon (calculated 
from vapor pressure)-_-_.-_---- Aemf__0.201 volt. 
NBS electrodes of 1933 (observed)-_-__.Aemf__0.200 volt. 


The agreement between our observed values and those calculated 
from their vapor-pressure measurements is very good over a wide 
range of acid concentrations. 

Of the electrochemical measurements, the greatest uncertainty js 
in the measurement of the temperature coefficient, but this is not the 
predominating term of the electrochemical calculations. Probably 
the most accurately determined values of emf and its temperature 
coefficient are those derived from the electrode measurements, and it 
is significant that these are in the best agreement among themselves 
and with the thermochemical data. Column 9 in table 6 shows 
throughout an acid range from 3 to 40 percent of H.SO, that the 
average difference of 11 comparisons of the heat of reaction is only 
+0.12 percent, with a maximum difference of 0.3 percent. Whatever 
uncertainty may attach to the heat of formation of the solids, the 
values which have been used must be very close to the true values; 
otherwise such close agreement of calculations based on entirely unr- 
lated data would not be expected. 


V. EFFECT OF PRESSURE ON ELECTROMOTIVE FORCE 


Partial mola! volumes of sulfuric acid and water may be calculated 
by following in a general way the procedure for obtaining analogous 
quantities of heat content and heat capacity. A few of the partial 
molal volumes have been calculated in order to estimate the change in 
emf with change in pressure. Inquiries about the magnitude of this 
effect are often made. Several attempts to measure the change experi- 
mentally have been reported. Gilbault [21], using 8.8 percent acid, 
found —0.0012 v per 100 atm, and Dolezalek [2], using 20 percent 
acid, found —0.0011 v per 100 atm increase in pressure. The minus 
sign is used to indicate a decrease in emf with increase in pressure. 
The agreement between these results is perhaps accidental. 
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The change in volume of the cell as a whole depends on the change 
in volume of each constituent. Actually, when a cell containing a 
solution of less than 37 percent of H,SO, discharges, there is a small 
increase in volume. This should not be confused with the decrease 
in volume of the solution which occurs during the same process. Con- 
sidering the equation for the reaction according to the double-sulfate 
theory, it is possible to write the molal volumes of the solid constitu- 
ents and the partial molal volumes of the acid and water, and take 
the difference of the sums on the two sides of the equation. For 
example, a cell containing a 10-percent solution would give 





Left side Right side 





PbO; (c) 2PbSO, (c) 
Pb (c)--.- 2H2,0(2V;) (aq) -- 
2HSO, (2 V2) (aq) a 


Total_ —_- 

















AV=11. 08 








The difference is an increase of 11.08 ml in volume for the passage 
of 2 faradays in a discharge direction. The work done against an 
external pressure of 1 atm is 11.08 ml-atm. Since 1 liter-atm 
equals 101.33 v-coulombs, this difference produces a change of emf 
equal to —0.006 mv/atm. The change is very small and unimportant 
from an engineering point of view. 

Calculated values for several concentrations within the range used 
in batteries are shown in table 7. Below 37 percent the values are 
negative, that is, the emf decreases with increased pressure. At 
about 37 percent the value of d#/dP is zero, and for higher concentra- 
tions the effect is positive. 

TaBLE 7.—Change in electromotive force of a lead-acid storage cell with change in 
pressure 


[AV is the total change in volume of the cell, including the solid constituents and the solution at 1 atm] 
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H2804 | Density volumes AV IE 
q quiva- 
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Sears um per 2 
| 42°C velume | volume Water, Acid, | faradays | coulombs 
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VI. CONCLUSION 


The authors’ justification for assuming the double-sulfate theory of 
reactions rests on their previously published paper on the fundament,| 
chemical reaction in the lead storage battery. This reaction havyino 
been verified by experimental results, the next step was to calculats 
the heat of reaction by thermodynamics. Before doing so, it was 
necessary to obtain better thermochemical data for sulfuric-aci4 
solutions. The thermochemical tables presented in this paper hayp 
been compiled on the basis of critically selected data with the help of 
Dr. Rossini, to whom the authors make grateful acknowledgments 
Similarly, a critical selection of emf and temperature coefficient data 
have been made, including some of the authors’ experimental results. 
These data should be of engineering value in battery operation. It js 
of some interest that the average emf of a cell containing electrolyt. 
of specific gravity 1.280 at 25° C, which is used in engineering work, js 
2.125 v per cell. This ist he average resulting from long experience 
and measurements on many batteries. On the other hand, the labora. 
tory measurements made with potentiometers and other precision 
equipment indicate 2.125 as the weighted mean value from electrode 
measurements and the NBS battery determination of 1933. Equally 
precise values are now available for other concentrations of electrolyte, 

The Gibbs-Helmholtz equation was used to compute the heat of 
reaction from the electrochemical data. Comparing these results 
with the thermochemical calculations, it is seen that the agreement 
is remarkably good. To have assumed any other factor than 2 for 
the equivalents of H,SO, and H,O for the passage of 1 faraday would 
have resulted in large discrepancies. This fact may be regarded, 
therefore, as a thermodynamic proof of the validity of the double. 
sulfate theory of the chemical reaction. 
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